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PREFACE. 

This  report  describes  the  work  performed  by  The  Poring  M  i '!  i  t  ary  /'i  r  pi  anc 
Company  ,  Acvsrced  Airplane  F-ai  h,  St-.it tie,  Washington  on  an  airplane 
actuation  trai  study.  This  work  was  sponsored  by  the  Air  Force  Wright 
Aeronautical  Laboratories,  Flight  Dynamics  Laboratory  and  Aero  Propulsion 
Laboratory,  Wrigh t-Patter son  Air  Force  Case.  Ohio.  Work  was  authorized  under 
contract  F 336 1 5- 7 9 - C -36 30  ,  Project  Mo,  2403.  work  unit.  2403C. 

Gregory  J.  Cecere  of  the  Flight  Dynamics  La  oratory.  Flight  Contro  s  Branch, 
AFWAL./P1GLA  and  Paul  Lindauist  of  the  Aero-Propul?  ir.  Laboratory,  A  WAL/P005-1 
were  the  Air  i  rce  Project  Manac  >rs .  (At  the  initiation  of  the  program  ■  e 
FDL  project  engineer  was  Mr.  Darnel  K.  Eire  who  has  since  retired.) 


Reger  F.  Yurczyk  served  as  Program  Manager  and  Ishague  S.  Mehdi  served  as 
Principal  Investigator . 

The  technical  effort  was  performed  by  ins  following  team  of  engineers: 

!  net  ion  Responsible  Engineers 

Airplane  Cor.1  igur.  ticn  and  Reeuirenients  C.  C.  Chenoweth 

Flight  Contro'  Actuation  Systems  C.  C.  Chenoweth 

J.  S.  Shen 

Hydraulic  Power  system  and  L  •  T.  Ray-mend 

Non-Flight  Control  Ac*u-  icn.  H.  F •  Hillman 

<y stems 


Electrical  Power  System 

F- 

T. 

Rei cuam 

1. 

C 

Nehd  i 

Wheel  Brakes  and  Steering  System 

P. 

U  ^ 

Berg 

W. 

VO  l 

Lr.v  i  romientu  i  Control  Sy st  fin 

K. 

J  'neon 

1  i  lid  re,,: I  i  ti'.i  '  >,  st  or* 

J .. 

P.Uf'Jlf’l 

Actuation  Systems  Structural 
Integration 


E.  D.  Painter 


Reliability  and  Maintainability  C.  L.  Swindell 

Life  Cycle  Cost  L.  Witonsky 

In  addition  to  this  effort  performed  by  the  Boeing  team,  a  study  of 
electromechanical  actuation  systems  for  the  All-Electric  Airplane  was 
conducted  by  the  A1 Research  Manufacturing  Company  of  California  under 
subcontract  No.  G-A87 756-9176.  The  technical  effort  was  conducted  by 
Mr.  Stephen  Rowe  and  is  reported  in  Reference  1. 

The  following  companies  provided  Information  for  this  study  at  no  cost  to  the 
program  and  their  support  is  gratefully  acknowledged. 

Abex  Aerospace  Division,  Oxnard,  California 

Aero  Hydraulics,  Inc.,  Fort  Lauderdale,  Florida 

Arkwin  Industries,  Inc.,  Westbury,  New  York 

Bendix  Corporation,.  Aircraft  Broke  and  Strut  Division,  South  Bend,  Indiana 
Eendlx  Corporation,  Electric  and  Fluid  Power  Division,  Utica,  New  York 
Bendix  Corporation,  Electrodynamics  Division,  North  Hollywood,  California 
Bendix  Corporation,  Flight  Systems  Division,  Teterboro,  New  Jersey 
DeCoto  Aircraft,  Inc.,  Yakima,  Washington 
Dowty  Rotol,  Ltd.,  Gloucester,  England 
Garrett  Turbine  Engine  Co.,  Phoenix,  Arizona 


General  Electric  Co.,  Armament  Systems,  Dept.,  Eurlington,  Vermont 

General  Electric  Co.,  Aerospace  Instruments  and  Electrical  Systems  Dept., 
Binghamton,  New  York 

Goodyear  Aerospace  Corp.,  Akron,  Chio 

Honeywell,  Inc.,  Avionics  Division,  St.  Petersburg,  Florida 
Hydraulic  Reseorch  Div.  of  Textron  Inc.,  Valencia,  California 
Hydraulic  Units,  Inc.  {formerly  Ronson  Hydraul ics) ,  Duarte,  California 
Inland  Kotor  Division,  Kollmorgan  Corp.,  Radford,  Virginia 
N.  C.  Division,  Kel sey-Hayes  Co.,  Lake  Orion,  Nichigen 
Nona .  Inc..  Aerospace  Division,  San  Jose,  California 
Parker-Hannifin  Corp.,  Aerospace  Hydraulics  Div.,  Irvine,  California 
Plessey  Cynamics  Corp.,  Hillside,  New  Jersey 

Rocketdyne  Div.  of  Rockwell  International ,  Cancga  Park,  California 
South  Dakota  School  of  Nines  end  Technology,  Rapid  City,  South  Dakota 
Sperry  Vickers,  Jacks' n,  Nississippi 
Sund strand  Corporation,  Rockford,  Illinois 

Vestinghouse  Electric  Corp.,  Aerospace  Electric  Divisior,  Lima,  Chio 
XAR  Industries,  City  of  Industry,  California 


v 


TABLE  CF  CONTENTS 


Paragraph  Page 

SITNARY  xiv 


I 


II 


III 


INTRODUCTION 

1 

1.1 

Eackg  ro  und 

1 

1.2 

Objective 

1 

1.2 

Approach 

2 

AIRPLANE  PEQU  IRENENTS 

4 

2.1 

Ai  rpl  an 

e  Conf iguration 

4 

2.2 

Actuation  System  Requirements 

4 

2.3 

Gun  ar.d 

'CS  Power  Requirements 

10 

2.4 

Other  Airplane  Power  Requirements 

18 

2.5 

Thermal 

Requirements 

18 

2.6 

Structural  Arrangement 

21 

EASELINE  AIRPLANE  CONFIGURATION 

25 

*3  1 

w  A  X 

General 

25 

:  .2 

Actuation  Systems  for  the  Baseline  Airplane 

25 

3.3 

FI ight 

Control  Actuation 

33 

3.3.1 

Canard 

33 

3.3.2 

El  evens 

34 

*3  *5  T 

Rudder 

36 

3.3.4 

Spoil ers 

37 

3.3.5 

Leading  Edge  Flaps 

37 

3.4 

Engine 

Inlet  Control  Actuation 

38 

3.4.1 

Engine  Inlet  Centerbody 

38 

3.4,2 

Engine  Inlet  Bypass  Doors 

39 

3.5 

Landing 

Gear  and  Brakes 

39 

3.5.1 

Nair.  Gear  Retraction 

40 

3.5.2 

Nose  Gear  Retraction 

40 

i  c  i 

W  r  J  A  w 

Nose  Gear  Steering 

41 

i  c  d 

A  w  A  “ 

Nain  Cear  Wheel  Erakes 

41 

3.6 

Aerial 

Refueling  System 

41 

vl 


TABLE  CF  CONTENTS  (cont'd) 


Paragraph 

3.7  Canopy  Actuation 

3.8  Gun  Drive 

3.0  Environmental  Control  System  (EC.) 

3.9.1  ECS  Boost  Compressor 

3.9.2  ECS  Pack  Compressor 

3.9.3  Electronic  Cooling  Fan 
3.10  Secondary  Power  System 

3.10.1  General  Arrangement 

3.10.2  Electrical  Power  System 
3.1G.2.1  Load  Analysis 

3.10.2.2  Selected  System  Arrangement 
"LlC. 2  Hydraulic  Power  System 
3. 1C. 3.1  Load  Analysis 
3. 1C. 3.2  Operating  Pressure 
^  i  o  t  i  Cr»1  or  t  rH  cv«;tem  Arrangement 

IV  ALL  ELECTRIC  AIRPLANE  CONFIGURATION 

4.1  General 

4.2  Actuation  Systms  for  the  All  Electric  Airplane 

4.3  Flight  Control  Actuation 

4.3.1  Canard 

4.2.2  Elcvons 

4.3.3  Rudder 

4.3.4  Spoilers 

4.3.5  Leading  Edge  Flaps 

4.4  Engine  Inlet  Control  Actuation 

4.4.1  Engine  Inlet  Centerbody 

4.4.2  Engine  Inlet  Bypass  Doers 

4.5  Landing  Gear  and  Brakes 

4.5.1  Wain  Gear  Petl  ction 

4.5.2  Nose  Gear  Retraction 

4.5.3  Nose  Geer  Steering 

4.5.4  Wain  Geer  Wheel  Brakes 

vli 


Pa2£ 

42 

42 

42 

43 
43 
43 
45 

45 

46 

47 
47 

59 

60 
60 
69 

75 

75 

75 

85 

85 

86 
86 
87 

87 

88 
88 
88 
89 
89 

89 
9C 

90 


7AELF  OF  C CUTE NTS  (ccnt'd) 


Paragraph 


4.6 

4.7 


4.P 


4.? 


4.10 


V  TRADE 
5.1 


5.2 


5.3 


5.4 


5.5 

5.6 

5.7 


P_i2£ 

Aer  ial  Refuel  inj  System 

90 

Canopy  Actuation 

91 

Gun  Dr’vr 

91 

Environmental  Control  System  (ECS) 

92 

4.9.1  ECS  Boost  Compressor 

92 

4.9.2  ECS  Pack  Compressor 

92 

4,9.3  Electronic  Cooling  Fan 

92 

4.9.4  Liquid  Cooling  System 

92 

Secondary  Poner  System 

93 

4. 1C. 1  Electrical  Power  System 

93 

4.10.1.1  Load  Analysis 

1C1 

A. 10. 1.2  Selected  System  Arrangement 

101 

ST'.UY 

114 

Trade  Study  Vet  node  1  coy 

114 

5.1.1  Approach 

i  14 

5.1.2  Grounc  Rules 

115 

We  i  g  ht 

lie 

Reliability  a.x.  Maintainable ity 

116 

Life  Cycie  Cost 

121 

5.4.1  Cost  Mode! 

131 

5.4.2  RUT  E  Costs 

132 

5.4.3  Production  Costs 

i  ">0 

5.4.4  Support  Investment  Costs 

122 

5.4.5  Operating  and  Support  Cos„S 

132 

5.4.6  Cost  Estimating  Techniques 

124 

5.4.7  LCC  Data 

124 

5.4.8  LCC  Sensitivity 

142 

Performance 

155 

Growth 

160 

Surv ivafcil ity/Vul nerabil ity 

161 

5.7.1  Combat  Surv  ivacil  ity 

161 

vl  i  1 


TAB LF  OF  CONTENTS  (ccnt\ 


Paragraph  Pajjc 

E . 7 . 2  Non-Combat  Survivability  163 

5.8  ENC/Lightning  165 

5.8.1  ENC  165 

5.6.2  Lightning  Protection  166 

5.8.3  Wire  Pouting  Tor  Lightning  Projection  168 

5.8.4  Poser  Equipment  Protection  169 

5.3.6  Airplane  Comparison  169 

5.9  Fnv  ironmental  Constr  aints  17C 

5.10  Technology  Risks  172 

VI  TECHNOLOGY  NEEDS  176 

6.1  Baseline  Airplane  Tecivology  Needs  175 

6.1.1  Actuation  Systems  175 

6.1.2  Special  hydraulic  Components  176 

6.2  All -Elec trie  Airplane  Technology  Needs  17C 

6.2.1  Notors  176 

6.2.2  Electronics  177 

6.2.2  Controll  er/ Inverter  Thermal  Nanagemcnt  178 

6.2.4  Nechamcal  Components  179 

6.2.5  Control  179 

6.2.6  Secondary  Pover  System  160 

VII  RESULTS  AND  CONCLUSIONS  182 

7.1  Discussion  of  Results  182 

7.2  Conclusions  186 

VIII  RFC  OTENDAT IONS  188 

REFERENCES  191 

APPENDIX  A  -  Reliability  Data  192 

APPENDIX  B  -  RCA  PR  ICE -L  Cost  Nodel  Input  Data  233 


lx 


LIST  CF  FIGURES 


F igure  Page 

1  Nodal  987-350  Airplane  5 

2  vodil  987-350  Performance  6 

3  Nodcl  987-350  STCL  Performance  7 

4  Nodel  987-350  Nission  Profiles  8 

5  Vodel  987-350  flight  Envelope  9 

6  Engine  Exhaust  Area  Temperatures  11 

7  G£  525  Cun  Power  and  Speed  vs  Firing  Rate  16 

8  Hybrid  Closed-Loop  Air- Vapor  Cycle  ECS  17 

9  Thermal  Nap  of  the  Airplane  Skin  During  Supersonic  Cruise  2C 

10  Airplane  Structural  Arrangement  23 

11  Actuation  Systems  Location  -  Basel  ,.ie  Airplane  28 

12  Actuation  Systems  Installation  -  Baseline  Airplane  31 

13  Environmental  Control  System  (ECS)  -  Baseline  Airplane  44 

14  Secondary  Power  System  Arrangement  -  Easel  me  Airplane  47 

15  Flertrical  Load  Profile  -  Gasoline  Airplane  50 

16  Electrical  Power  System  Schematic  -  Baseline  Airplane  57 

17  The  Comparison  of  Relative  Transmission  Line  Weight  vs 

Hydraulic  System  Cpcrating  Pressure  67 


18  Laminar-Fl ow-to-Turbul ent-Fl ow  Transition  Temperatures 
for  Typical  System  Tube  Sizes 

19  Comparative  Actuator  Weight  vs  Hydraul  ic  System 


Operating  Pressure  70 

20  Comparative  Actuator  Volume  vs  Hydraul ic  System 

Operating  Pressure  71 

21  Hydraul ic  Power  System  Arrangement  72 

22  Hydraulic  Power  System  Schematic  73 

23  Actuation  Systems  Location  -  All-Electric  Airplane  61 

24  Actuation  Systems  Installation  -  All-Electric  Airplane  83 

25  Liquid  Cooling  System  -  All-Electric  Airplane  94 

26  Electrical  Power  System,  Phase  II  96 

27  Electrical  Load  Profile,  Phase  II  97 

28  Electrical  Power  System  -  All-Electric  Airplane  99 


x 


LIST  OF  FIGURES  (continued) 


Figure 

Page 

29 

Electric  Power  Distribution  •  Actuation  Systems 

10C 

30 

Electrical  Load  Profile  -  All-Electric  Airplane 

102 

31 

Single-Spool  Engine  Spinner  -  Counted  Generator/Starter 

112 

32 

Sample  Fault  Trees 

124 

33 

Life  Cycle  Cost  (LCC)  Plan 

132 

34 

Life  Cycle  Cost  Computation 

135 

35 

Sample  RCA  PRICE  Podei  Input  Data  Sheet 

136 

36 

RCA  PR  ICE -L  hDdel  Deploynent  File 

137 

37 

Airplane  Actuation  Trade  Study  LCC  Summary 

141 

38 

Actuation  System  LCC  Sunmary 

144 

39 

Secondary  Power  System  LCC  Summary 

148 

4C 

Sensitivity  of  Overall  RDT  &  E  Costs  to  Engineering 

Complex 1t> 

151 

41 

Sensitivity  of  Overall  ICC  tc  Engineering  Canrlexity 

152 

42 

Sensitivity  of  LRU  LCC  to  Weight 

153 

42 

Sensitivity  of  LP.U  LCC  tc  Engineering  Complexity 

154 

44 

Effect  of  Material  Change  on  LRU  LCC 

156 

45 

Effect  of  Electronics  Circuit  Design  on  LRU  LCC 

157 

46 

Sensitivity  of  LP.U  PDT  &  E  Costs  to  New  Structure  Ratio 

158 

47 

Sensitivity  of  LRU  RDT  &  E  Costs  tc  New  Electronics  Ratio 

159 

xi 


LIST  CF  TABLES 


Tabic  Pa.2e 


1  Summary  of  Actuation  Requirements  -  Control  Surface  12 

2  Summary  of  Actuation  Requirements  -  Landing  Ccar  13 

3  Summary  of  Acutation  Requirements  -  Aerial  Refueling  and 

Canopy  14 

4  Actuation  Control  Configuration  and  Redundancy  Requirements  15 

5  Air  Vehicle  and  Avionics  System  Power  Requirements  19 

6  Baseline  Airplane  Actuation  Summary  -  Flight  Controls  26 

7  Baseline  Airplane  Actuation  Summary  -  Landing  Cear  27 

8  Baseline  Airplane  Actuation  Summary  -  Hi seel  1 eneous  Functions  28 

9  Accessory  Drive  System  Components  48 

10  Baseline  Airplane  -  Electrical  Load  Summery  £1 

11  Baseline  Airplane  -  Electrical  Load  Anal,  $  52 

j.2  baseline  Airplane  -  Electrical  Power  System  Components  58 

13  Actuation  Loads  and  Hydraulic  Flow  Kequi rements  61 

14  Actuation  Pate  Requirements  and  Hydraulic  Flow  Demands  - 

Total  Aircraft  Requirements  62 

15  Actuation  Rate  Fe  'ements  and  Hydraul  ic  Flow  Demands  •• 

Subsystem  1  of  3  Subsystems  53 

16  Actuation  Rate  Requirements  and  Hydisulic  Flow  Demands  - 

Subsystem  2  and  3  of  3  Subsystems  64 

17  Required  Hydraulic  Pump  Sizes  65 

18  Baseline  Airplane  -  Hydraulic  Power  System  Components  74 

19  All-Electric  Airplane  Actuation  Summary  -  Control  Surface  76 

20  All-Electric  Airplane  Actuation  Summary  -  Landing  Cear  78 

21  All-Electric  Airfare  Acylation  Summery  -  Hiscellanecus 

Functions  79 

22  All-Electric  Airplane  Electrical  Load  Analysis  Summary  1C3 

23  All-EU  :tric  Airplane  Electrical  lead  Analysis  of 

270V  DC  Loads  104 

2a  Ail-Electric  Airplane  Electrical  Load  Analysis  of  115V  AC 

and  28V  CC  Loads  107 

xil 


LIST  OF  TABLES  (continued) 


Table 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 
4C 

41 

42 


Paje 


Electrical  Power  System  Pajor  Components  - 

All-Electric  Airplane  113 

Airplane  Weight  Summary  117 

Weight  Summary  -  Ac  to-  tion  System  118 

Weight  Comr 'ri  son  -  Secondary  Power  System  119 

Summary  of  Pinimun  Equipment  Levels  (PEL)  12C 

Actuation  System  MTBF  Simmary  128 

Secondary  Power  System  PTBF  Summary  130 

RCA  PR  ICE -L  Pod el  Calculated  OSS  Values  138 

RCA  PRICE  LCC  Summary  -  Typical  LRU  13S 

Airplane  Actuation  Trade  Study  LCC  Summary  140 

Actuation  System  LCC  Summary  143 

Actuation  System  LCC  Data  (500  A/C)  145 

Actuation  System  LCC  Data  (1000  A/C)  146 

Secondary  Power  System  LCC  Summary  147 

Secondary  Pover  System  LCC  Date  (500  A/C)  149 

Secondary  Power  System  LCC  Date  (10CC  A/C)  150 

Summery  of  Trade  Study  Results  183 

Comparison  of  Related  Factors  185 


xiii 


SUFKARY 


The  objective  of  this  program  was  to  establish  the  advantages/di sdavantages 
and  life  cycle  cost  impact  for  two  types  of  1990+  time  frame  airplanes,  one 
which  has  hydro  1 ically  powered  actuation  systems  (Baseline  Airplane)  nd  the 
other  which  has  electrically  powered  actuation  systems  (All-Electric  cr  Fower- 
By-Wire  Airplane).  A  secondary  objective  of  this  program  was  to  identify  the 
1990+  technology  needs  and  development  requirements  of  hydraulic,  power-ty- 
wire  actuation  systems  and  secondary  power  systems  for  future  aircraft.  The 
comparison  was  made  of  both  the  actuation  and  the  secondary  power  systems. 
Parameters  that  were  quantified  for  comparison  were  weight,  reliability/ 
maint.ainabil  ity  and  life  cycle  costs.  In  addition,  qualitative  evaluations 
were  meue  on  the  basis  o'  structural  integration,  growth  potential, 
surv  ivab il ity/vul nerabil  ity,  EKC/ 1 ightni ng  ,  environmental  constraints  and 
technology  risks. 


The  study  was  conducted  in  three  phases.  In  Phase  I,  DevclopTicnt  of  Design 
Data  Ease,  an  ai r-tu- surface  (ATS)  airplane  conf iguration  was  established,  the 
actuation  functions  were  defined,  and  the  requirements  for  these  actuation 
systems  were  established. 


The  study  was  conducted  using  the  Boeing  hodcl  987-350  ATS  as  the  point  of 
ref-  fence  airplane  for  which  engineering  development  would  begin  in  1990, 
production  in  1995,  and  initial  operational  capability  (IOC)  in  1997.  The 
model  987-350  has  ci  all-mcving  canard,  an  arrow  wing,  win  pod-mounted 
engines  with  variabia  geometry  inlets  and  two-dimensional  vectoring  and  thrust 
reversing  noz;  es,  a  thrust-to-weight  ratio  of  C.87  and  a  maximum  gross  weight 
of  49,000  lbs.  The  airplane  carries  an  internally  mounted  25  rnn  gun  and  5000 
lbs  of  ai r-to-ground  weapons.  The  airplane  is  designed  for  a  high  level  (h’ach 
2.2)  and  a  low  level  (fach  0.9  to  1.2)  interdiction  mission.  The  design  life 
i s  10,000  flight  hours  and  6,000  landings. 


The  acti  ition  functions  defined  were  flight  controls  (canard,  elevons,  rudder, 
spoilers  and  leading  edge  flaps),  engine  controls  (inlet  centerbody  and  bypass 
doors),  landing  gear  (retraction,  steering  and  brakes),  aerial  refueling  (door 


and  n02*le  latch),  and  canopy.  Thrust  vectoring/ reversing  actuation  has 
determined  to  be  pneumatic  in  the  high  temperature  environment  of  that 
application,  and  therefore  was  not  part  of  the  hydraulic/electric  actuation 
trade  study.  In  addition,  drive  pcw«r  for  the  25-nw  gun  and  environmental 
control  system  (boost  and  pack  compressors,  and  cooling  fan)  was  included. 

The  actuation  requirements  were  defined  in  sufficient  detail  so  that  sysi  ms 
for  both  the  Baseline  and  All-Electric  Airplanes  could  be  designed. 

An  electrical  load  analysis  was  also  prepared.  The  load  analysis  included  the 
normal  housekeeping  and  avionics  electrical  loads  along  with  power 
requirements  for  actuation  systems. 

In  Phase  II,  Design  of  Two  Airplanes,  the  actuation  and  secondary  power 
systems  were  designed  for  the  Baseline  and  All-Electric  Airplanes.  Several 
configurations  for  each  actuation  function  were  developed  and  the  optimum 
system  was  selected  based  cn  weight,  envelope  for  structural  integration, 
efficiency,  power  demand,  system  complexity  ano  technology  projections  into 
the  1990's.  lhe  dpsian  and  selection  of  the  actuation  systems  for'  the  ,A1 1  - 
Electric  Airplane  were  primarily  conducted  with  d:ta  supplied  by  the 
Ai Research  Manufacturing  Company  of  California  under  a  subcontract.  The  power 
demands  were  determined  for  the  hydraul ic  and  electrical  systems  for  the 
Baseline  Airplane  and  for  the  electrical  system  for  the  All-E!ectric  Airplane. 
Several  secondary  power  system  configurations  were  developed  for  both 
airplanes  and  an  optimum  system  selected  for  each. 

In  Phase  III,  Trade  Study,  data  for  systems  weights,  reliability/ 
maintainab 11 ity,  and  life  cycle  costs  were  developed. 

The  reliability  was  computed  by  defining  the  minimum  equipment  levels  for  less 
of  mission  and  loss  of  aircraft,  developing  the  fault  trees  and  computing  the 
profcabil ities . 

The  maintainability  and  life  cycle  costs  were  determined  using  the  RCA  PRICE 
and  PRICE  L  computer  programs.  Each  system  (actuation  and  secondary  power) 
for  both  airplanes  was  broken  down  to  the  line  replaceable  unit  (LRU)  and 
various  input  parameters  were  developed  describing  the  quantity,  weight,  ratio 
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of  structure  and  electronics,  complexities,  and  development  ?nd  production 
dates.  The  output  fre  the  PRICE  program  provided  mean- time-cetweer  fail ure 
(MTPF),  development  costs,  and  production  costs.  The  PRICE  L  program  also 
provided  the  Operating  and  Support  Costs. 

Based  on  the  above  data,  overall  weights,  rel iabil ity/maintainabil ity  and  life 
cycle  costs  were  computed  and  compared.  Along  with  this  a  qualitative 
assessment  of  the  structural  integration,  growth  potential,  survivability/ 
vulnerabil ity,  EMC/1 ightni ng ,  environmental  constraints,  and  technology  risk 
of  the  actuation  and  secondary  power  systems  of  both  airplanes  was  conducted. 

The  results  of  this  program  indicate  that  the  All- Electric  Airplane  offers  a 
potential  for  reducing  the  life  cycle  costs  of  the  actuation  and  secondary 
power  systems  by  approximately  12%  compared  to  the  Baseline  Airplane 
configuration.  On  an  airplane  of  this  type  and  size  the  weight  penalty 
associated  with  EM  actuation  with  respect  to  hydraulic  actuation  is  offset  by 
the  weight  savings  in  the  secondary  power  system.  The  secondary  power  system 
fur  the  Am  FleCtrlC  Air  pi  one  uSeS  tny  1  nC- shaft  iirOUnttd  iTialfi  AC  gCilC-r  atCi'S  as 

opposed  to  the  AMAQ  concept  for  the  Baseline  Airplane.  This  results  1  r. 
reduced  ground  checkout  capability  for  monitoring  the  main  generator  without 
running  the  engines. 

The  probabilities  of  mission  success  and  airplane  safety  are  comparable  fon 
both  airplanes.  The  MTBF  of  the  EM  actuation  system  was  lower  than  the 
hydraulic  actuation;  the  MTEF  of  AT  1-El  ectr’c  secondary  power  system  was 
higher  than  the  conventional  mixed  hydraul ic/clectric  secondary  power  system, 
but  not  enough  higher  to  completely  offset  the  lower  MTBF  of  Eh'  actuation. 


Assessment  of  the  other  factors  indicated  that  EM  actuation  and  electrical 
secondary  power  system  could  ease  structural  integration  problems  ana  provide 
additional  growth  potential.  From  a  survivab il  ity/vul nerabil ity  standpoint 
the  hydraulic  power  system  was  mere  vulnerable  then  the  electrical  system  from 
weapons  effects,  whereas  the  EM  actuation  system  was  more  vulnerable  to 
jamming  due  to  the  necessity  of  gearboxes  in  every  application.  EMC/ lightni ng 
effects  could  impact  the  fly-by-wire  (FBW)  and  electrical  systems  in  either 
airplane,  but  the  Ey  actuation  would  also  be  impacted  in  the  All-Electric 


Airplane.  There  were  no  high  technology  risks  associated  with  the  Baseline 
Ai rpl ane. 

The  study  also  indicated  that  a  hybrid  system  arrangement  may  have  some 
benefit.  The  results  show  that  the  primary  payoff  for  the  All-Electric 
Airplane  resulted  from  elimination  of  the  engine  driven  hytir  ul  ic  system, 
i.e.,  adapting  a  single  source  pi  er  system.  These  benefits  could  also  be 
realized  through  the  application  of  integrated  actuator  packages  (IAP), 
electr.c  motor  driven  hydraulic  actuator  systems.  These  showed  seme  potential 
benefit  for  certain  flight  control  functions.  For  example,  the  study  results 
indicated  that  use  of  an  IAP  for  rudder  situation  offeree  no  weight  penalty 
over  the  EM  actuator  and  has  u  lover  development  risk. 

The  results  and  conclusions  drawn  from  this  study  are  based  on  an  assumption 
that  certain  technology  advancements  will  be  made  by  the  1990+  time  frame. 
Technology  developments  that  are  required  to  meet  these  needs  or  that  offer 
alternatives  in  the  design  of  the  actuation  and  secondary  power  systems  were 
identified.  For  the  Baseline  Airplane  these  include: 

o  High  pressure  hydraulic  system 
o  Ei-directional  power  transfer  units 
o  Hydraulic  fuses  and  circuit  breakers 
o  Load  adaptive/stored  energy  actuators 
o  Advanced  fly-by-wire  actuators 
o  Staged  sequential  servo  ram  actuation 

For  the  All-E'ectric  Airplane  the  technology  needs  include  the  development  o' 

o  Lightweight,  high  eff iciency  gearboxes 
o  Speed  optimized  electric  motors 
o  Load- adaptive/stored  enei-gy  actuation  techniques 
o  Variable  authority  EM  actuators 
o  Control ler/i nverters 
o  High  voltage  DC  electric  systems 
o  Integrated  actuator  packages 

Several  of  these  developments  identified  for  beth  the  Baseline  and  the 
All- Electric  Airplanes  are  applicable  to  a  hybrid  system. 
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I  INTRODUCTION 


1.1  Background 

Current  aircraft  are  characterized  by  having  twc  main  forms  of  on-board 
secondary  power  generation,  distribution,  and  utilization,  i.e.,  electrical 
power  and  hydraulic  power.  In  general,  hydraulic  power  is  generated, 
distributed,  and  utilized  for  the  majority  of  the  actuation  jobs  including 
flight  control  surfaces,  landing  gear  extension  and  retraction,  brakes,  and 
nose  wheel  steering.  Electrical  power  is  used  for  functions  like  stability 
augmentation ,  fuel  and  engine  control,  heating  and  cooling,  lighting, 
avionics,  weapons  control,  i nstrunentation ,  and  utility  air  vehicle  functions. 
Powered  actuation  is  essential  in  today's  high- performance  aircraft.  Landing 
gear,  gun  drive,  and  canopy  operation  also  require  high  power.  Superior 
airplane  controllability  and  handling  qualities  characteristics  require  net 
Only  high  power,  but  also  accurate  and  responsive  controls.  Hydraulic 
actuation  has  become  the  mainstay  for  most  of  these  control  tasks  because  cf 
high  torque- to- i nertia  capability,  high  power  and  weight  efficiency,  and 
tremendous  development  and  experience.  Technology  advancements  in  the 
electromechanical  field  are  showing  premise  for  alternative  means  cf 
actuation.  Consideration  needs  to  be  given  and  evaluations  made  with  these 
new  technology  trends  in  mind. 

Major  factors  stimulating  the  application  of  power- by-wi re  actuation  are  in 
the  advancements  in  high-voltage  power  suppl  es,  rare  earth  permanent  magnet 
motors,  electronic  commutation ,  and  improved  solid-state  power  switching 
devices.  These  factors  lead  to  the  objectives  of  this  study  which  are: 

(1)  Establish  advantages/disaavantages  and  life  cycle  ccst  impact  of 
hydraulically  powered  actuation  and  electrically  powered  actuation  for 
aircraft  in  the  1990+  time  frame. 

(2)  Identify  technology  needs,  risks,  and  development  requi rements  for  future 
aircraft  actuati  n  systems. 

1.2  Objective 

The  objective  of  this  study  was  to  conduct  a  tradc-eff  comparison  between  a 
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"Baseline  Airplane"  (one  that  contains  an  engine-driven  hydraulic  system  for 
actuation)  and  an  '/'l  1-Electric  Airplane"  (one  that  contains  only  an 
engine-driven  electrical  system  for  power- by -wire  actuation).  The  study  was 
conducted  on  an  ATS  airplane.  The  airplane  is  designed  for  a  high 
survivability  interdiction  mission.  For  the  traJe,  each  "airplane"  is 
designed  to  utilize  every  beneficial  technology  advancement  considered 
available  in  the  1990+  time  frame.  Six  areas  of  actuation  were  considered  in 
the  study.  These  were  the  flight  controls;  engine  inlet  controls,  thrust 
reverser/vector  controls,  landing  gear,  aerial  refueling,  and  canopy 
actuation.  In  addition  the  gun  controls  and  ECS  were  considered  as  users  of 
secondary  power. 

1.2  Approach 

The  program  was  divided  into  three  phases  as  follows: 

Phase  I  -  Development  cf  ATS  Design  Data  Base 
Phase  II  -  Design  of  Two  Airplanes 
Phase  III  -  Airplane  Actuation  Trade  Study 

Basel ine  Ai rpl ane 

The  hydraul ic/el ectric  powered  airplane  was  termed  the  Baseline  Airplane.  The 
hydraul ic  actuation  systems  considered  various  types  of  power  drive  units, 
output  mechanisms,  and  control  valving.  Secondary  power  extraction  is 
accomplished  by  powe?  take-off  shafts  from  each  engine  which  drive  airframe 
mounted  accessory  drives  (ANAD).  The  two  AhADs  are  connected  together  and  to 
a  ICX/JP-4  Integrated  Power  Unit  (1PU)  through  an  angle  gearbox.  During 
normal  flight,  the  Af-'AUs  are  driven  by  their  respective  engines  and  the  angle 
gearbox  is  declutched.  During  an  emergency,  shaft  power  can  be  extracted  from 
the  opposite  engine  or  the  IPU  through  the  angle  gearbox.  Each  AF»AD  drives 
two  hydraulic  punps  and  an  electrical  generator.  The  right-hand  APAD  also 
drives  the  ECS  boost  compressor.  This  AFAD  configuration  provides  the 
capability  to  operate  the  engine  driven  secondary  power  system  without 
operating  the  engines,  for  ground  checkout.  i 

•j 

I 
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All-Electric  Airplane 


Two  types  of  actuation  systems  were  considered  for  the  AH-Electric  Airplane 
actuation  functions:  electromechanical  actuation  (EFA)  systems  and  integrated 
actuator  package  ( I AP )  systems.  EMA’s  were  selected  for  all  functions  since 
they  proved  lighter  and  less  complex  in  all  cases  when  compared  with  the 
equivalent  IAP.  Secondary  power  extraction  is  accomplished  by  a  150-kw 
starter-generator  mounted  on  the  spinner  at  the  front  of  each  engine.  A  third 
150-kw  generator  is  mounted  on  the  LCX/JP-4  Integrated  Power  Unit  (IPU).  The 
three  generators  produce  wild  frequency  power  which  is  converted  to  270V  dc  by 
phase  delay  rectifier  (POR)  bridge  converters.  Secondary  converters  provide 
power  at  other  voltages  required.  Interconnection  provisions  are  included  in 
the  three  generation  systems  for  engine  starting  and  transfer  of  loads  in  case 
of  failure  of  the  main  generation  systems.  This  system  provides  for  ground 
checkout  of  all  electrical  functions,  except  the  engine-driven  generators/ 
regulators  themselves,  without  operating  the  engines. 

Trade  Study 

Ten  parameters  were  considered  in  the  trade  study  of  the  two  airplanes: 

Weight 
Rel iabil ity 
Maintainabil ity 
Life  Cycle  Costs 
Structural  Integration 
Growth 

Survivebil ity 
EPC/Lightni ng  Protection 
Environmental  Constraints 
Technology  Risk 

Quantitative  comparison  data  were  developed  for  the  first  four  parameters. 
Qualitative  comparisons  were  made  in  the  six  other  areas. 
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II  AIRPLANE  REQUIREMENTS 


The  basic  airplane  configuration  and  requirements  which  formed  the  dcsigr  data 
base  for  the  trade  study  airplane  were  developed  during  Phase  1.  Design 
criteria  and  requirements  for  the  actuation  functions  and  other  functions 
requiring  on-board  generated  secondary  power  were  defined. 

2 . 1  Airplane  Configuration 

The  ATS  mission  concept  was  specified  as  the  pci nt- of- reference  airplane.  The 
Boeing  Model  987-35 C  ATS  ( Air-to-Surface)  Airplane  (Figure  1)  was  chosen  for 
this  purpose.  It  is  a  vcctored-thrust ,  canard/arrow  wing  with  a 
thrust-tc-weight  ratio  of  0.87  and  a  gross  weight  of  49,000  lbs.  The  airplane 
configuration  includes  twin  pod-mounted  engines,  wing- shielded  half-round 
variable-geometry  inlets,  2 -D  vectoring  and  thrust  reversing  nozzles,  end  an 
all-moving  canard.  Armament  consists  of  an  internally-mounted  25-mm  gun,  two 
advanced  short-range  missiles,  and  5000  lbs  of  air-to-ground  weapons  mounted 
semi  submerged  in  two  fuselage  cutouts.  Airplane  performance  is  shown  in 
Figure  2.  ST0L  take-off  and  landing  performance  is  shown  in  Figure  3.  The 
airplane  is  designed  for  a  high-survivabil ity  interdiction  mission  (Figure  4). 
The  flight  envelope  is  shown  in  Figure  5.  Design  life  of  the  airplane  is 
10,000  flight  hours  and  6,000  landings. 

2.2  Actuation  System  Pequircments 

The  ATS  Model  987-350  actuation  system  requirements  were  divided  into  five 
areas  as  follows: 

c  Flight  Controls 

o  Engine  Inlet 

o  Landing  Gear 
o  Aerial  Refueling 

o  Canopy  Actuation 

o  Thrust  Reverser/Vector  Controls 

It  was  determined  that  the  thermal  environment  for  the  thrust  reverser  and 
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Figure  2  Model  987-350  Performance 
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figure  3  Model  987-350  STOL  Performance 
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vectoring  actuation  systems  would  be  too  harsh  (Figure  6)  for  use  of 
electromechanical  or  hydraulic  actuators  without  auxiliary  cooling  provisions. 

Thus  it  was  concluded  that  neither  the  electromechanical  nor  the  hydraulic 
actuators  could  effectively  compete  with  pneumatic  actuators,  traditionally 
used  in  these  applications.  These  high  temperatures  can  damage  insulation  on 
electric  motor  windings,  would  be  close  to  the  Curie  temperature  of  the 
permanent  magenets  causing  demagnetization,  and  cause  motor  bearing  lubricant 
problems.  In  the  case  of  hydraulic  actuators,  conventional  hydraulic  fluids 
could  not  be  used  and  seal  problems  would  also  be  encountered.  To  utilize 
el ectromechanical  or  hydraulic  actuators  would  require  either  one  or  both  of 
cooling  provisions  and  remote  location  of  actuators  with  complex  mechanical 
linkages  to  transmit  the  actuation  fc'ces.  This  would  add  to  the  system 
complexity  and  impact  the  reliability  and  cost  of  the  system.  Therefore, 
pneumatic  actuation  systems  for  the  thrust  reversing  and  vectoring  functions 
were  selected.  This  allowed  the  deletion  of  these  actuation  functions  from 
further  consideration  in  this  study. 


In  each  of  the  other  areas  the  number  ot  actuators  required  for  each  function 
and  the  configuration  and  redundancy  of  the  actuation  systems  were  defined. 
The  requirements  are  summarized  in  Tables  1  to  4. 


2.3  Gun  and  ECS  Power  Requirements 

Two  additional  areas  where  shaft  power  is  utilized  are  the  2E-mm  gun  system 
and  the  environmental  control  system. 

The  gun  system  recuire-s  14  hp  for  the  gun  drive  and  11  r,p  for  the  ammunition 
feed  system.  This  power  can  be  delivered  by  an  electrical  motor  or  hydraulic 
met Or .  The  motors  require  start-up  and  reversing  capability  for  shell 
e'earing  purposes.  Figure  7  shows  the  power  and  speed  vs  firing  rate. 

The  ECS,  shown  schematically  in  Figure  3,  requires  three  motors;  cue  each  for 
tne  boost  compressor,  the  ECS  compressor  and  the  ECS  fan.  The  boost 
compressor  motor  has  to  provide  5C.b  hp  at  speeds  varying  from  15, COC  to 
4C,0CC  rpm  to  be  compatible  with  the  following  boost  compressor  requirements: 
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TABLE  2  SUMMARY  OF  ACTUATION  REQUIREMENTS  -  LANDING  GEAR 
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SUMMARY  Of  AC7UAT20N  REQUIREMENTS  -  AERIAL  REFUELING  £  CANOPY 


POWER  -  KP 


Figure  3  Hybrid  Closed-Loop  Air-Vapor  Cycle  ECS 
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A1 titude 

Ai rpl ane 

Compressor 

Corrected 

Compressor 

ft 

Speed 

Pressure  Ratio 

Ai  r  FI  ow 

Srrcd 

PR 

1  b  s/m  in 

rpm 

0 

Takeoff 

1.09 

40 

15,000 

50,  COO 

0.  TV 

4.27 

237 

4C ,000 

where  corrected  flow  is  defined  as 
wfT  1  b/min 
p  1  b/ i 

The  ECS  Compressor  motor  has  to  provide  1C. 7  hp  at  a  fixed  speed  between  5000 
and  22, COO  rpm.  The  ECS  fan  motor  has  to  provide  42.9  hp  at  tv.o  speeds,  6C0C 
and  12, COO  rpm. 

2 . 4  Other  Airplane  Power  Recuirements 

Power  requirements  for  other  air  vehicle  and  avionics  subsystems  are  listed  in 
Table  5.  All  these  recuirements  are  met  by  electrical  power.  The  kW 
requirements  for  these  items  are  the  same  for  the  Easeline  and  for  the  All- 
Electric  Airplanes,  except  where  noted.  The  difference  is  that  in  the 
Baseline  Airplane  these  loads  are  supplied  from  400-rlz  power  whereas  in  the 
All-Electric  Airplane  they  are  supplied  from  27C-vdc  power.  It  is  assumed 
that  in  the  1990  time  frame,  all  these  loads  will  be  compatible  with  either 
400 -Hz  or  270-vdc  power. 

Loads  net  listed  in  Table  5  are  the  same  for  either  airplane  and  do  not 
directly  impact  the  trade  study.  These  loads  are  listed,  however,  in  the 
detail  Baseline  Airplane  and  Ail-Electric  Airplane  electrical  load  analyses. 
(Sections  III  and  IV) 

2.5  Thermal  Recuirements 


A  thermal  map  of  the  airplane  was  developed  based  on  aerodynamic  heating  at 
Naeh  2.2.  The  skin  temperatures  are  shown  in  Figure  9.  These  temperatures 


TABLE  5 


AIR  VEHICLE  AND  AVIONICS  SYSTEM  POWER  REQUIREMENTS 


ITEM 

Electronics  Liquid  Cooling  Pimp* 

Primary  Fuel  Boost  Pump 

Backup  Fuel  Boost  Pimp 

Fuel  Transfer  Pump 

Battery  Heater 

Windshield  Heater 

Radar  (Target  Acquisition) 

We’pons  Heaters 
Air  Data  Computer 
Air  Data  System  Heaters 
Integrated  Information 
Management  System 
Gun  Controls 

Total  Temperature  Probe  Heaters 

JTIDS/TACAN/IFF 

Global  Positioning  System 

Inertial  Reference  (Multi-Function) 

Radar  (Multi -Function) 

IRCM 

£CM  Transmitter 


MAX  kW  LOAD  (Total) 

2.40 

7.30 

7.30 

7.30 

0.30 

2. 50 

1.50 
1.00 
C.Q7 
1.50 

5.40 

^  cr\ 
o  •  w 

0.27 

0.70 

0.20 

0.20 

5.00 

2.00 

6.00 


* 


* 


All-Electric  Airplane  only 


equilibrium  skin  temperatures 


THeniidi  .lap  of  the  Airplane  Skin  During  Supersonic  Cruise 


arc  calculated  for  a  U.£.  standard  day  at  Fach  2.2 ,  altitude  of  4C.C00  to 
70,000  ft  above  sea  level,  include  solar  heating,  and  do  not  include  the 
engine  effects. 

Engine  exhaust  area  temperatures  are  shown  in  Figure  6. 

2.6  Structural  Arranaement 


A  structural  arrangement  v.as  also  developed  for  this  aircraft  and  is  shown  in 
Figure  10.  This  was  required  to  determine  the  exact  amount  of  space  available 
to  install  the  various  actuation  systemi  This  also  facilitated  the 
structural  integration  of  the  various  actuation  system  alternatives  and 
selection  of  the  system  which  would  meet  this  rccuirement  with  little  or  no 
impact  on  the  aerodynamics  of  the  aircraft. 
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DETAIL  IA7 


Ill  BASELINE  AIRPLANE  CONFIGURATION 


3.1  General 


The  objective  of  the  design  phase  was  to  select  the  most  competitive 
combination  of  hydraulic  actuation  systems,  hyaraulic  power  systems  for 
transmitting  pewe”  to  those  actuation  systems,  and  electrical  power  systems 
for  providing  fly-by-wire  control  to  those  actuation  systems  that  could  be 
considered  availaDle  in  the  1990-plus  time  frame.  In  keeping  with  the  overall 
objectives  and  requirements,  it  was  required  that  the  selected  hydraulic  power 
system  derive  its  power  primarily  from  the  engine  through  engine-driven  pumps 
and  transmit  that  power  through  a  distributed  system  of  hydraulic  transmission 
line  tubing  to  the  actuation  systems.  The  total  secondary  power  system  and 
the  actuation  systems  are  defined  so  that  a  direct  comparison  can  be  made  with 
the  All-Electric  Airplane  design  described  in  Section  IV. 

3.2  Actuation  Systems  for  the  Baseline  Airplane 

Consideration  was  given  to  various  types  of  power  drive  units,  output 
mec^nisms  and  control  valving  arranged  in  a  variety  of  combinations  to  suit 
the  particular  requirements  for  the  various  control  functions.  The  types  of 
power  drive  units  evaluated  included  piston  actuators,  vane  actuators  and 
multipiston  motors.  The  types  of  output  mechanisms  evaluated  included  bell 
cranks,  rack-and-pimon  gearing,  helical  or  ball  splines,  spur  gearing,  bent- 
beam  Eccentuators ,  threaded  pov.er  screws  or  ball  screws,  and  planetary  or 
skip-tooth  gearing  for  hinge-line  units.  The  control  valve  concepts 
considered  were  single-stage  direct-drive  and  two-stage  el ectrohydraul ic  servo 
valves,  staged  sequentially-controlled  valves,  steprer-motor-driven  rotary 
valves,  and  solenoid  valves. 

After  evaluation  of  the  various  actuation  systems  available,  a  final 
configuration  was  selected  for  each  application.  Table  6  summarizes  the 
selected  systems  for  the  airplane  flight  controls  and  Tables  7  and  8  for  the 
non- flight  control  functions.  Figure  11  shows  the  location  of  the  actuators 
in  the  aircraft  and  Figure  12  shows  how  these  actuators  are  integrated  into 
the  aircraft  structure.  Each  of  the  , ndividual  applications  is  covered  in  the 
following  paragraphs. 
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TABLE  6  BASELINE  AIRPLANE  ACTUATION  SUMMARY  -  FLIQHT  CONTROLS 


TABLE  7  BASELINE  AIRPLANE  ACTUATION  SUMMARY  -  LANDING  GEAR 


TARLE  8  BASELINE  AIRPLANE  ACTUATION  SUMMARY  .  M ISCELLANEOUS  FUNCTIONS 
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2.3  Flight  Control  Actuation 


3.3.1  Canard 

The  canard  is  a  critical  flight  control  surface  whose  continued  control  is 
essential  for  mission  completion  and  safety  of  flight.  Actuation  trades 
considered  the  two  canard  surfaces  interconnected  as  well  as  separated ,  even 
though  no  differential  surface  control  is  required  since  the  canard  is  used 
only  for  pitch  control.  In  addition,  both  linear  and  rotary  actuator  designs 
were  evaluated.  The  selected  configuration  uses  linear  actuators 
independently  controlling  each  canard  surface  as  shown  in  Figure  12.  The 
following  reasons  are  the  basis  for  this  selection: 

1.  The  linear  actuator  system  is  lighter.  This  is  because  the  length  of 
the  linear  actuator  is  proportional  to  the  total  control  surface 
deflections  and  the  rotary  actuator  is  independent  of  the  control 
surface  deflection.  With  only  30  degree  total  surface  deflection, 
linear  actuator  stroke  is  only  4.8  inches. 

2.  Due  to  the  inefficiency  of  a  hydraulic  motor  and  gearbox,  the  total 
power  consumption  of  the  rotary  actuation  system  would  be  higher.  In 
audition,  a  hydraulic  motor  has  a  higher  internal  leakage  than  the 
linear  actuator.  Canards  are  used  for  longitudina1  trim;  and,  the 
steady  state  aerodynamic  load  causes  more  fluid  leakage  across  the 
hydraulic  motors  than  the  linear  actuators.  This,  together  with  the 
high  duty  cycle  of  the  canard  surfaces,  results  in  a  higher  total 
power  consumption. 

3.  The  configuration  with  no  interconnection  between  the  two  canard 
surfaces  results  in  less  w.eight  and  reduces  complexity.  The  aoded 
actuation  weight  for  separate  surface  control  is  more  than  offset  by 
deletion  cf  the  interconnecting  mechanism  and  since  no  additional 
control  capability  is  needed  in  terms  of  increased  power,  there  is  no 
impact  on  secondary  power  requirements. 

The  canard  actuation  system  utilizes  four  dual-tandem  actuators  arranged  and 
powered  from  the  three  hydraulic  systems  to  meet  the  redundancy  requirement  as 
specified  in  Table  4.  Tandem  actuators  are  used  because  they  can  be  placed 
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close  to  the  surface  to  maintain  adequate  stiffness  between  the  actuator  rod 
and  the  canard  surface. 

Each  dual-tandcm  actuator  consists  of  a  full-area  piston  and  a  half-area 
piston.  Any  two  of  the  three  hydraul ic  systems  can  drive  beth  canard  surfaces 
at  100X  of  the  design  hinge  moment;  SOX  from  system  #1  through  the  tve  forward 
actuator  full-area  pistons,  50X  from  system  #2  through  the  two  aft  actuator 
full- area  pistons,  and  SIX  from  system  #3  through  all  four  actuator  half- area 
pistons.  Under  normal  conditions,  (all  3  hydraulic  systems  operating)  each 
tandem  actuator  is  capable  of  providing  75X  of  the  surface  design  hinge  moment. 

Valves  are  sized  to  meet  the  rate  requi rement.  at  maximum  load.  A  flow 
limiter,  limiting  the  maximum  rate  to  70  degrees  per  second,  avoids  excessive 
flow  at  the  no-load  condition. 

Actuation  system  components  for  each  of  the  two  canard  surfaces  consists  of 
the  following: 

Dual-tandem  linear  actuator 
(2  required  P  39  pounds  each) 

Control  Valve  Module 

Total  Weight,  per  surface 

3.3.2  Elevons 

The  eleven  control  surfaces  have  a  dual  role  tc  provide  both  longitudinal  and 
lateral  control  of  the  airplane.  Actuation  trades  considered  both  linear  and 
rotary  actuator  designs  as  well  as  installation  of  part  of  the  system  in  the 
body.  The  hinge  moment  requirements  for  the  elevons  are  large  and  the 
available  space  for  equipment  installation  is  small  due  to  the  thin  wing 
geanetry.  Configuration  studies  indicated  that  both  linear  and  rotary 
actuation  equipment  exceeded  the  designated  envelope. 

Since  the  maximun  hinge  moment  when  moving  the  trailing  edge  down  i$  roughly 
twice  as  large  as  the  maximum  hinge  moment  when  moving  it  up,  an  unequal -area 
linear  actuator  can  be  used  with  the  piston  head-end  area  sized  to  meet  the 


78-0  pounds 
7  .0  pounds 
85.0  pounds 


34 


larger  load  and  the  rod-end  area  sized  to  meet  the  smaller  lead,  Pereas  the 
rotary  actuator  has  tc  be  sized  to  meet  the  larger  load.  The  linear  actuator 
is  the  more  efficient  approach  due  to  the  inefficiency  of  a  hydraulic 
motor/gearbox  arrangement.  Also,  since  the  elevon  surfaces  are  used  for 
longitudinal  trim,  the  steady-state  aerodynamic  loads  would  cause  more  fluid 
leakage  across  the  hydraulic  motors  than  the  linear  actuators. 

Therefore,  the  choice  cf  the  linear  actuator  for  the  elevon  function  results 
in  a  lighter  system  with  less  power  consumption.  Consideration  was  given  to 
installing  the  actuators  in  the  body  tc  avoid  exceeding  the  envelope 
requirement.  However,  the  torque  tubes  required  to  carry  the  load  to  the 
eleven  became  unreasonably  large  and  heavy.  A  detailed  study  of  the  airplane 
structure  and  geometry  determined  that  an  increased  number  of  smaller  diameter 
linear  actuators  with  shorter  moment  arms  could  oe  used  to  better  fit  the 
envelope  with  less  fairing. 

The  selected  configuration  (Figure  12,  View  F)  uses  four  actuators  (two 
dual /raral  lei  linear  actuators)  per  surface  to  meet  the  hinge  moment 
requirements  with  minimun  actuator  dimensions  and  fairing.  Each  of  the  four 
actuators  weighs  75  pounds. 

The  increase  in  drag  due  to  the  elevon  actuator  fairing  on  the  baseline 
airplane  is  two-tenths  of  one  percent  of  the  total  airplane  cruise  drag.  The 
resulting  impact  on  specific  fuel  consumption  will  be  negligible  and  no 
further  consideration  will  be  given  to  this  subject  in  the  trade  study. 

The  actuator  and  valve  are  sized  to  meet  the  rate  requirement  at  maximum  load 
and  also  meet  the  maximum  rate  of  70  degrees/sec  at  no  load.  No  flow  limiters 
are  used.  The  major  actuation  characteristics  are: 

1  ■  2 

Actuator  piston  area  6.8  in  head  end,  2.2  in  rod  end 

foment  Arm  10  inches 

Stroke  (Total)  6.7  Inches 
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3.2.2 


Rudder 


The  rudder  control  surface  provides  directional  control  of  the  airplane. 
Actuation  trades  considered  both  linear  and  rotary  actuation. 

The  rotary  actuation  system.  Figure  12,  View  C,  was  chosen  for  the  rudder 
function  for  the  following  reasons: 

(1)  Envelope  restrictions  require  that  linear  actuators  be  placed  in  the 
aircraft  body  which  in  turn  requires  a  long  torque  tube  to  carry  the 
load  evenly  to  the  surface.  Also,  the  large  surface  deflection,  60 
degree  total,  requires  a  relatively  long  linear  actuator.  These  two 
factors  result  in  a  greater  weight  for  the  linear  actuation  system. 
The  rotary  actuation  system  is  able  to  fit  in  the  designated  envelope 
and  is  able  to  handle  the  large  surface  deflection  with  less  weight. 

(2)  Due  to  the  inefficiency  of  the  hydraul i c-motor/gearbox,  fluid  leakage 
and  peak  power  consumption  of  the  rotary  actuation  system  is  higher. 
However,  the  rudder  load  and  duty  cycle  are  relatively  low  end  power 
consumption  caused  by  internal  fluid  leakage  across  the  hydraulic 
motor  is  low. 


One  configuration  considered  used  three  hinge-line  gearboxes  to  distribute  the 
load  to  the  rudder  surface.  However,  after  detailed  study  of  the  structure, 
geometry,  and  gearbox  design,  it  was  determined  a  single  hinge-line  gearbox 
was  more  desirable  and  would  result  in  a  weight  saving. 

The  s  leeted  system  consists  of  a  power  drive  unit.,  including  two  hydraulic 
motors,  control  valves  and  a  torque- sunned  reducing  gearbox  installed  in  the 
body,  A  torque  tube  is  used  to  carry  the  load  to  the  single  hinge-line 
gearbox  attached  to  the  surface.  Hydraulic  motors  are  sized  to  meet  the  rate 
requirement  at  maximum  lead,  IS'o  flow  limiter  is  required. 

The  actuation  system  for  the  rudder  consists  of  the  following  components: 


Hydraulic  Hotor  (2  required  P  7.5  lbs) 
Hingeline  Gearbox 
Reduction  Gearbox 

Total  Weight 
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15. C  pounds 
22.0  pounds 
11 .0  pounds 
48. C  pounds 


2.3.4  Spoilers 

The  spoiler  control  surfaces  provide,  in  conjunction  with  the  elevons,  lateral 
control  of  the  airplane.  Actuation  trades  considered  both  linear  and  rotary 
actuation. 

Selection  of  a  linear  actuation  system  instead  of  a  rotary  actuation 
arrangement  was  influenced  by  the  following: 

(1)  An  unequal-area  linear  actuator  to  handle  unequal  loads  results  in  a 
lighter  system  and  lower  power  ccnsunption  than  a  rotary  actuation 
system. 

(2)  Spoilers  are  fairiy  inactive  during  normal  flight.  The  surfaces  are 
retracted  most  of  the  time  and  the  actuators  or  the  motors  are 
positioned  to  hold  against  the  upward  aerodynamic  load.  The 
hydraulic  motor  in  a  rotary  actuation  system  with  larger  internal 
fluid  leakage  consumes  more  power  due  to  holding  this  load.  A 
hydraulic  check  valve  is  usually  provided  in  the  hydraulic  supply 
line  of  the  linear  actuator  to  prevent  back  driving  when  the 
aerodynamic  load  exceeds  the  actuator  capability.  Use  of  the  check 
valve  is  not  effective  in  the  rotary  actuation  system  because  of  the 
higher  internal  leakage  across  the  motor. 

The  selected  system,  Figure  12  View  F,  consists  of  an  unequal -area  linear 
actuator  driving  each  of  the  four  spoiler  segments.  Each  actuator  weighs  17.8 
po  und  s . 

The  larger  actuator  area  (piston  end)  is  active  when  the  actuator  is  holding 
the  spoiler  trailing  edge  down,  while  the  larger  area  (rod  end)  is  active  when 
the  actuator  is  forcing  the  trailing  edge  up.  A  flow  limiter  is  used  to 
reduce  excessive  flow  in  the  no-load  condition. 

3.3.5  Leading  Edge  Flaps 

The  original  linear  actuator  design  approach  was  to  tie  all  leading  eogc  flap 
surfaces  together  and  actuate  by  two  linear  actuators  installed  in  the  body. 
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This  was  founo  impractical  due  to  the  large  torque  tube  required  to  carry  the 
load  out  to  the  flaps.  The  alternative,  shown  in  Figure  12  View  L,  uses  two 
linear  actuators ,  powered  by  a  single  hydraul ic  system,  to  control  each  flap 
segnent  and  is  the  approach  selected  ior  the  Baseline  Airplane.  Since  the 
aerodynamic  load  is  only  exerted  in  one  direction,  an  unequal-area  actuator  is 
used.  A  blocking  valve  and  bypass  vaive  are  required  so  that  the  actuator 
will  remain  in  the  last  selected  position  in  the  event  of  total  power  loss.  A 
flow  limiter  is  required  to  limit  the  actuator  rate  in  the  no-load  condition. 

A  total  of  12  actuators  are  required,  each  with  a  weight  of  19.3  pounds. 

A  rotary  actuation  scheme,  consisting  of  a  body-mounted  power  drive  unit 
driving  through  a  r.orcue  tube  and  angle  gearbox  to  hingeline  gearboxes,  was 
also  considered.  The  rotary  actuation  approach  and  the  original  linear 
approach,  with  all  leading  edge  flap  segments  connected  together,  were 
abandoned  in  favor  of  the  selected  approach  because: 

(1)  Total  surface  deflection  is  small  and  aerodynamic  load  is  only  in  one 

H  i  wort i nn ^ 

(2)  Because  of  the  inefficiency  of  the  gearboxes  and  hydraulic  motors, 
the  rotary  configuration  is  heavier  and  consunes  more  power.  The 
flaps  are  required  to  operate  during  descent  and  landing  when  the 
hydraulic  power  supply  is  low  due  to  lower  engine  power  settings. 

(3)  With  all  flaps  tied  together,  there  is  a  remote  change  for  asymmetric 
deployment  in  the  event  of  a  structural  failure.  Each  linear 
actuator  incorporates  a  blocking  valve  so  that  in  case  of  failure, 
such  as  loss  of  hydraulic  power,  the  flap  will  remain  in  the  last 
selected  position.  Structural  carnage,  or  both  actuators  leaking, 
could  cause  one  flap  to  blow  back  which  is  less  serious  (and  is 
considered  acceptable)  then  all  three  flaps  failing  together. 

3 . 4  Engine  Inlet  Control  Actuation 

3.4.1  Engine  Inlet  Centerbody 

The  function  of  this  actuation  system  is  to  drive  a  linkage  assembly  that 
moves  the  inlet  centerbody  ramp  which  in  turn  expands  or  contracts  the 
centerbody  radially  thereby  regulating  the  speed  of  the  ncoming  air. 
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Both  linear  and  rotary  actuation  schemes  were  considered.  Since  the 
aerodynamic  load  is  in  one  direction  only,  an  unequal -area  linear  actuator 
proves  to  be  considerably  lighter  than  the  less  efficient  rotary  actuation 
system. 


The  general  arrangement  is  shown  in  Figure  12  View  K.  The  actuator  and  valve 
are  sized  to  meet  the  maximun  rate  at  maximum  load.  A  flow  limiter  is  used  to 
limit  flow  in  the  no-load  condition.  One  actuator  is  required  per  engine, 
with  a  weight  of  18.0  pounds  each. 

3.4.2  Engine  Inlet  Bypass  Ooors 

As  shown  in  Figure  12  View  P-P,  there  are  four  bypass  doors  for  each  engine. 
The  aerodynamic  loads  are  small  but  the  doors  are  required  to  open  up  to  90 
degrees . 

Both  rotary  and  linear  actuation  systems  were  considered  for  this  function 
uif h  f Kg  -jo i  rg  tc  the  r*c 1 3 rj*  sySvv?^  for  t.f  ^  ^cllcv^ir^  rc 3 sori s  * 

(1)  A  rotary  system  is  more  suited  to  large  deflection  angles;  a  linear 
actuator  would  experience  nonlinear  motion  at  large  deflection  angles. 

(2)  A  rotary  system  is  more  compact  for  this  application. 

The  actuation  systan  for  each  of  the  4  pairs  of  bypass  doors  consists  of  the 
following  components: 

Potary  Vane  Actuator  4.0  pounds 

Total  Weight  per  pair  of  doors  4.C  pounds 

3.5  Landing  Gear  and  Brakes 

The  hydraulic  actuation  concepts  traditional ly  used  ter  lending  gear 
retraction,  steering,  and  brakes,  and  for  the  other  utility  subsystems,  have 
been  highly  refined  over  the  past  40  years.  Except  For  the  few  exceptions 
noted,  no  improvement  could  be  found  in  deviating  from  the  normal  practice 
other  than  using  the  increased  pressure  level  selected  for  this  ATS  study 


aircraft  {See  Section  3. 1C. 3).  For  landing  gear  retraction,  unbalanced-piston 
actuating  cylinders  operating  through  appropriate  belicranks  generate  the 
, squired  force  moment  to  lift  the  gear  against  its  combined  dead  weight  and 
aerodynamic  loads,  kith  built-in  snubbing  provisions,  they  can  cushion  the 
load  at  either  end  of  the  stroke  including  the  bottoming  load  due  to  emergency 
free-fall  extension.  All  components  are  covered  in  the  following  paragraphs 
except  the  isolation  alves  (2  at  2.0  pounds  each),  and  the  3-position  control 
valve  (1  at  3.0  pounds). 

3.5.1  fain  Gear  Retraction 

The  retract  ion/extension  system  tc~  the  main  landing  gear  consists  of  tvo 
linear  piston  actuators,  one  for  each  main  gear,  controlled  by  one  solenoid 
valve.  Landing  gear  doors  are  slaved  to  the  gear  strut,  and  uplocks  and 
tiownlccks  function  through  the  motion  of  the  actuator  and  mechanical  linkage. 
This  is  an  improvement  over  some  existing  aircraft  which  require  separate 
actuators  for  actuating  doors  and  position  locks.  In  addition,  like  most 
aircraft,  the  system  allots  emergency  free-fall  extension  following  manual 
release  of  the  ur’ock  by  the  pilot.  The  installation  is  shown  in  Figure  12 
View  R. 

The  selected  actuator  extends  during  gear  retraction  and  retracts  during  gear 
extension  with  snubbing  provided  at  the  retracted  tgear  extended)  end.  The 
actuatcr  weight  for  each  of  the  two  main  gears  is  18.9  pounds. 

3.5.2  Nose  Gear  Petraction 

The  retraction/ exterision  system  for  the  nose  gear  consists  of  one  linear 
piston  actuator  in  a  system  similar  to  that  described  for  each  mam  gear.  The 
actuator  is  controlled  by  tne  same  solenoid  valve  used  for  the  main  gear.  The 
install  at. icr.  is  shown  in  Figure  12  View  S. 

The  selected  actuator  retracts  during  gear  retraction  and  extends  during  gear 
extension.  Actuator  weight  is  29.5  pounds. 


3.5.3  Nose  Cear  Steering 
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Nose  gear  steering  is  provided  by  an  actuator  module,  consisting  of  a  vane 
type  rotary  power  drive  unit  with  spur  gear  output,  electrohydraul ic  position 
servovalve,  and  associated  functional  circuits.  It  is  mounted  on  the  nose 
gear  strut  and  drives  a  strut-mounted  ring  gear  as  shown  in  Figure  12  View  S. 
Actuator  weight,  including  the  hydraulic  motor,  is  22  pounds. 


3.5.4  Kain  Gear  Wheel  Brakes 

The  main  gear  wheel  brakes  are  multiple  disk  type  using  advanced  composite 
carbon  heat  sink  material.  Actuation  arrangement  is  the  standard  multiple 
hydraulic  pistons  in  a  brake  housing  sized  for  5C0G-psi  operating  pressure. 

Two  brakes  are  required,  one  per  each  main  wheel. 

The  brake  actuation  components  have  been  segregated  from  t.he  total  brake 
assembly  in  order  to  permit  a  more  meaningful  comparison  with  the  All -Electric 
Airplane.  The  brake  actuation  system  for  each  of  the  two  main  gears  consists 
of  the  following  components: 


Piston  Actuators  (8  required  0  0.5  lb) 
Wear  Adjustors  (8  required  0  1.0  lb) 
Control  Valve  Module 
Shutoff  Valve 
Parking  Valve 

Accumulator  (including  2  pounds  fluid) 
Total  ,  per  gear 


4.0  pounds 
8. C  pounds 
9.0  pounds 
1.0  pound 
2. 5  pounds 
13.0  pounds 
37.5  pounds 


2 . 6  Aerial  Refueling  System 

A  standard  universal  aerial  refueling  receptacle  slipway  installation  (UARR5I) 
is  provided.  For  this  study,  the  current  2,000-psi  actuation  system  with  two 
linear  piston  actuators,  the  slipway  door  actuator  and  the  nozzle  latch 
actuator  is  used  along  with  a  pressure  reducing  valve  to  reduce  the  5,0C0-psi 
system  pressure  to  3, COO  psi  for  this  subsystem.  Actuation  system  weights  are: 
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1.5  pounds 
1.0  pound 
3 .3  pounds 

5.8  pounds 

3.7  Canopy  Actuation 


Refueling  Door  Actuator 
Nozzle  Latch  Actuator 
Control  Valve 

Total 


Due  to  the  relatively  large  overhanging  moment ,  a  linear  piston  actuator  with 
an  operating  lever  arm  as  shown  in  Figure  12  View  S,  was  selected.  An 
internal  locking  mechanism  holds  the  actuator  in  its  retracted  (canopy  open) 
position,  and  internal  snubbing  is  provided  at  toth  ends  of  its  stroke. 
Actuation  system  weights  are: 


Linear  .  ctuator  2.9  pounds 

Control  Valve  1 .0  pound 

Total  3.9  pounds 

3.8  Gun  Drive 


A  hydraulic  motor  is  used  to  drive  the  25-m  Cat!  ing-typo  gun  rotor  similar  to 
the  currently  used  20-irni  and  30-ftm  gun  drives.  Cne  motor  is  used  to  drive  the 
gun  barrel  and  the  anmunition  feed  system  which  require  14  hp  and  11  hp 
respectively  at  the  design  firing  rate  of  3,600  rounds  per  minute.  For  this 
study,  a  0.34  cu.  in.  per  rev.  (cipr)  motor  operating  t  7,20C  rpm  drives  the 
main  gun  system  drive  shaft  at  1,800  rpm  through  a  4:1  speed- red uc i ng  gearbox. 
Component  weights  are  as  follows : 


Cun  Drive  Gear  Box 
Fydrau!  ic  Notor 
3-Position  Control  Valve 
Total 


10.C  pounds 
7.6  pounds 
8  .4  pounds 
26.0  pounds 


3.9  Environmental  Control  System  (ECS) 

In  order  to  minimize  engine  fuel  consumption  on  aircraft  in  the  1990  time 
frame,  bleed*air  extraction  as  traditionally  used  for  the  ECS  pack  will 
probably  rot  be  permitted.  Since  the  weight  and  drag  penalties  for  shaft 
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power  extraction  are  considerably  lower  than  for  bleed-air  extraction,  it  is 
assumed  that  the  ECS  power  unit  components  must  be  driven  either  directly  by 
the  engine  or  by  hydraulic  or  electric  motors-  The  environmental  control 
system  has  three  power  drive  components  as  described  in  the  fol lowing 
paragraphs.  The  system  schematic  diagram  is  shown  in  Figure  13. 

3-9.1  ECS  Boost  Compressor 

The  ECS  boost  compressor  raises  ram  air  pressure  to  meet  the  pressure  demands 
of  the  ECS  pack.  It  is  a  continuous-duty  unit  with  a  speed  range  from  15,000 
to  40,000  rpm,  and  a  maximum  output  of  50  hp.  The  boost  compressor  is  mounted 
on  the  right  hand  engine-driven  airframe-mounted  accessory-dr ive  (AVAD) 
gearbox . 

3.5.2  ECS  Pack  Compressor 

The  ECS  pack  compressor  compresses  the  working  fluid,  air  or  freon,  used  by 
the  refrigeration  pack.  It  is  a  continuous- duty  unit  with  a  fixed  speed 
between  5,000  and  23,CCC  rpm  and  an  output  power  requirement  of  10.7  hp.  For 
this  study,  a  0.10-cipr  motor  drives  the  compressor  directly  at  10,000  rpm. 

The  hydraulic  motor  and  associated  2-position  control  valve  weigh  a  total  of 
5.0  pounds. 

3.9.3  Electronic  Cooling  Fan 

The  electronic  cooling  fan  circulates  air  between  the  heat  sink,  provided  by 
the  ECS  refrigeration  pack,  and  the  electronic  equipment.  It  is  a  continuous- 
duty  two-speed  unit  running  at  6, COO  rpm  during  subsonic  flight  and  12.CC0  rpm 
during  supersonic  flight  and  draws  21.5  and  42.9  hp  respectively  at  those 
speeds.  For  this  study,  a  0.525-cipr  motor  drives  the  fan  through  a  1.5:1 
speed- increasing  gearbox.  Component  weights  are  as  follows: 

Gear  Eox 
hydraulic  h"otor 
2-Position  Control  Valve 
Total 
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2.10  Secondary  Power  System 


3.10.1  General  Arrangement 

During  phase  It  several  Secondary  Power  System  and  subsystem  arrangements  were 
devised,  studied,  and  evaluated.  This  and  the  following  sections  summarize 
that  effort  and  describe  the  selected  system. 

A  significant  factor  in  the  development  of  the  secondary  cower  generation 
system  arrangement  is  the  ability  to  drive  the  engine-driven  nydraul  ic  pumps 
and  electrical  generators  on  the  ground  for  system  checkouts  without  powering 
the  main  engines.  This  led  to  the  selection  of  a i rframc- mounted 
accessory-drive  (AMAD)  gearboxes  which  can  be  declutched  from  the  main  engines 
for  the  ground  checkouts  and  reclutched  for  normal  operation.  Such  units  were 
developed  for  the  Boeing  supersonic  transport  and  have  been  used  on  several 
recent  military  aircraft  including  the  £-1  bomber,  and  the  P-iS,  r-16,  and 
f-13  fighters. 

Another  significant  factor  is  to  provide  power  for  starting  the  main  engines 
without  external  power  sources.  Three  types  of  engine  starters  were 
considered:  a  solid  propellant  or  liquid  propellant  cartridge  unit  for  each 
engine  which  supplies  hot  gas  to  an  air  turbine  starter  on  each  engine;  a  gas 
turbine  APU  which  provides  not  gas  to  an  air  turbine  starter  on  each  engine; 
nr,  a  gas  turbine  AP .)  cr  jet  fuel  starter  which  provides  shaft  power  to  each 
eng ine . 

The  last  choice  was  favored  since  it  can  also  provide  shaft  power  to  the  AVAD 
gearboxes  tc  drive  the  main  hydraulic  pumps  and  generators  for  ground 
checkouts.  Of  the  several  types  of  gas  turbine  power  units  which  could  be 
considered,  th<“  LCX/JP-4  integrated  power  unit  (IPU)  was  chosen  as  the  ir.oct 
promising.  This  concept,  which  is  being  developed  by  the  Rocketdyne  Division 
of  Rockwell  Internationa!  under  Air  Force  Aero  Propulsion  Laboratory  contract 
car  operate  either  in  a  bipropeliant  power  mode,  with  aircraft  fuel  (JA-4)  anti 
1  iquic.  oxygen  (LOX)  oxidizer,  cr  in  a  standard  gas  turbine  mode  *ith  JP-4  fuel 
end  outside  air. 
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The  selected  arrangement  is  shown  in  Figure  14  and  the  drive  system  components 
and  weights  listed  in  Table  9.  The  LOX/JP-4  IPU  and  angle  gearbox,  both 
normally  declutched  in  flight,  are  connected  to  the  AKAD  gearboxes  for  ground 
checkout  of  the  hydraulic  and  electrical  systems  and  for  engine  starting.  The 
normal  sequence  is  to  start  the  IPU  with  the  LOX/JP-4  gas  generator  and  then 
iirmediately  switch  to  the  gas  turbine  mode  order  to  conserve  LOX.  Then, 
one  or  both  Af*AD  gearboxes  can  be  connected  for  system  checkouts.  The  engine 
power- takeoff  shafts  can  be  connected  for  engine  starting  following  which  the 
IPU  can  be  shut  down  and  the  angle  gearbox  declutched  from  each  AfAD  gearbox. 
Each  AMD  gearbox  remains  connected  to  its  adjacent  engine  throughout  the 
normal  flight  operations. 

During  an  emergency  situation  where  either  engine  suffers  a  flameout,  shaft 
power  can  te  extracted  either  frem  the  opposite  engine  or  the  IPU  for  starting 
the  disabled  engine  and  keeping  its  APAD  gearbox  running.  In  the  event  of 
simultaneous  loss  of  power  from  both  engines,  the  IPU  can  be  started  in  the 
LOX/JP-4  mode  immediately  at  any  altitude  and  provi-'n  sufficient  power  to 

f  f  i  wf  am  i  nor  siwi  A  fc/ A  Pi  nn  3v*Kav  ft,*  T  f  anninA  pfaptinn  Ka 
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accomplished,  the  IPU  continues  to  drive  the  pumps  and  generators  on  the  APAD 
gearboxes  so  that  the  pilot  can  maintain  vehicle  attitude  as  necessary  for  an 
engine  start  at  lower  altitude  or  for  a  safe  ditching  or  bailout. 

3.1U.2  Electrical  Power  System 

The  electrical  power  system  for  the  Baseline  Airplane  is  recuired  to  provide 
electrical  power  in  accordance  with  the  requirements  of  PIL-E-25499  and 
V  IL-STD-704C .  It  must  provide  source  redundancy  for  supplying  pover  to  the 
fly-by-wire  flight  control  system  and  ether  flight-critical  loads  in  the 
Baseline  Airplane  configuration.  The  electrical  power  system  includes 
generators,  power  conversion  equipment,  distribution  circuits,  and  associated 
control  and  protection  devices. 

Three  different  clectri.al  power  generation  concepts  were  ccmparat i vely 
evaluated  during  Phase  II: 
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Figure  14  Secondary  Power  System  Arrangement  -  Baseline  Airplane 


TABLE  9 


ACCESSORY  DRIVE  SYSTEM  COMPONENTS 

ITEM  WEIGHT  (POUNDS) 

RH  AMAD  GEARBOX  60 

RH  INPUT  CLUTCH  12 

RH  OUTPUT  CLUTCH  7 

RH  INPUT  SHAFTING  8 

RH  OUTPUT  SHAFTING  3 

RH  STRUCTURAL  PROVISIONS  _9 

TOTAL,  RH  AMAD  SYSTEM  99 

LH  AMAD  GEARBOX  54 

LH  INPUT  CLUTCH  12 

LH  OUTPUT  CLUTCH  7 

LH  INPUT  SHAFTING  8 

LH  OUTPUT  SHAFTING  3 

LH  STRUCTURAL  PROVISIONS  _9 

TOTAL,  LH  AMAD  SYSTEM  93 

ANGLE  AMAD  GEARBOX  25 

ANGLE  BOX  INPUT  CLUTCH  7 

ANGLE  BOX  INPUT  SHAFTING  3 

ANGLE  BOX  STRUCTURAL  PROVISIONS  _4 

TOTAL,  ANGLE  AMAD  SYSTEM  39 


(1)  Integrated  Drive  Generator  (IDG)  system  | 

(2)  Cycloconverter  type  variabl  e-speed ,  constant-frequency  (VSCF)  System  j 

(3)  DC-Link  type  VSCF  system  j 

S 

The  cycloconverter  type  VSCF  concept  was  selected  because  of  its  higher  j 

Y 

operating  efficiency,  lower  life-cycle  cost,  and  higher  reliability.  j 

Equipment  rating  is  based  on  the  electrical  load  analysis  discussed  in  the 
following  paragraph. 

3.10.2.1  Load  Analysis 

| 

A  detailed  electrical  load  ana  ysis  was  conducted  during  Phase  II  and  is  shown 
in  Figure  15  and  Tables  10  and  11. 

1 

3.10.2.2  Selected  System  Arrangement  ! 

A  schematic  diagram  of  the  electrical  power  system  arrangement  is  shown  in 

Figure  16  and  a  list  of  major  components  and  weights  in  Table  12.  Primary 

power  generation  consists  of  two  samari tm-cobal t  permanent-magnet  generators, 

one  mounted  on  each  ARAD  gearbox,  as  shown  in  Figure  14.  Permanent-magnet 

generators  were  selected  rather  than  wound  rotor  generators  because  of 

increased  generator  efficiency,  improved  reliability,  no  rotor  cooling 

requirement,  and  improved  rotor  balance  due  to  the  solid  rotor.  The  variable-  j 

frequency  generator  output  is  fed  to  a  cycloconverter,  the  output  of  which  is  j 

3-phase  120/208  volts,  400  Hz.  Each  generator/ eye IcconverUr  channel  is  rated  j 

at  6C  kVA  to  provide  margin  for  load  growth.  The  AC  load  buses  are  > 

interconnected  by  switches  which  allow  transferring  leads  of  a  disabled 

generator  to  the  other  generator.  Logic  prevents  parallel  operation  of  the 

generators.  Three  transformer-rectifier  units  (TRU)  convert  3-phase  4GO  Hz 

power  to  28  volts  DC.  i 

i 

i 

AC  and  DC  ground  buses  permit  ground  servicing  of  the  airplane  and  checkout  of 
sane  equipment  using  ground  rower  without  energizing  all  of  the  equipment, 
par.icularly  electronics,  for  long  periods  of  time  on  the  ground.  The  source  I 

of  ground  power  can  be  either  external  electrical  power  via  an  external  power 
receptacle  or  one  of  the  ARAD  gearbox-meunted  main  aircraft  generators  driven 
by  the  IPU. 
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TA8LE  11  BASELINE  AIRPLANE  ELECTRICAL  LOAD  ANALYSIS 


TABLE  11  BASELINE  AIRPLANE  E.ECTRICAL  LOAO  ANALYSIS 
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cicioconnims 


Schematic  -  Baseline  Airplane 


TABLE  12 


BASELINE  AIRPLANE  -  ELECTS  I  CAL  POWER  SYSTEM  COMPONENTS 

COMPONENT 


Generator 

Cycloconverter 

Emergency  Generator 

Hyd.  Motor-Emenj  Geo 

Control  Valve-Emerg  Cen 

TransEormer-Rectif ier  Unit 

Battery  40  A-Hr 

Battery  Charger 

Static  Inverter 

AC  Power  Pelay  3  POT 

AC  Power  Relay  2  POT 

AC  fewer  Contactor  3  PST.  20  kVA 

AC  Power  Contactor  3  PST,  60  kVA 

AC  Power  Contactor  3  POT,  60  kVA 

DC  Power  Contactor  SPST 

DC  Power  Contactor  SPDT 

Wiring  and  Connectors,  total 


UNIT 

TCTAL 

QUANTITY 

WEIGHT  (lbs) 

WEIGHT  (lbs) 

2 

30 

60 

2 

6C 

120 

1 

36 

26 

1 

14. t- 

14.8 

1 

1 

1.1 

1.1 

3 

i:,5 

37.5 

1 

75 

75 

1 

6.8 

6.8 

1 

12.0 

13.0 

1 

1.2 

1.2 

1 

i .  6 

1.6 

1 

0  O 
v/  •  ej 

2.c 

3 

5.2 

15.9 

2 

6.2 

12.4 

3 

0.8 

2.4 

2 

2.1 

4.2 

123 

123 

TOTAL 

528.7 
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Three  high-rel  iabil  ity  DC  buses  are  provided  for  powering  the  tri  pi  e-  redundant, 
fly-by-wire  flight  control  system.  Each  of  these  buses  (FCE  CHI,  FCE  CH2,  and 
FCE  CH2  in  Figure  16)  is  supplied  by  two  sources  of  power:  a  generator  and  a 
battery.  The  three  buses  share  a  cctnnon  battery,  but  each  bus  is  connected  to 
the  primary  electrical  power  sources,  i.e.  the  generators,  through  a  different 
TR'J.  Since  there  are  only  two  main  generators,  two  of  the  TRUS  have  to  share 
a  common  generator.  One  o*  these  TRUs  (nunter  3  in  Figure  16)  is  supplied 
from  the  AC  ground  bus,  which  is  provided  with  switching  and  control  logic  so 
that  if  either  main  AC  bus  is  energized  the  AC  ground  bus  is  energized.  Thus 
no  single  failure  of  a  power  source  will  cause  a  power  interruption  on  any  of 

the  FCE  buses.  Loss  of  the  battery  and  one  generator  will  cause  momentary 

loss  of  one  or  two  FCE  channels,  depending  on  whether  cr  not  the  failed 
generator  is  the  one  normally  supplying  the  AC  ground  bus.  Power  will  be 

recovered  to  all  FCE  buses  within  a  few  m ill i seconds  when  the  AC  bus  or  buses 

on  the  failed  generator  are  transferred  automatical ly  to  the  remaining 
generator. 


An  emergency  generator,  driven  at  8CC0  rpn  by  a  n.376-cipr  hydraulic  motor,  is 
included  to  provide  power  for  the  critical  electrical  equipment  such  as  the 
fly-by-wire  flight  controls  in  the  event  of  loss  of  both  main  generators. 

This  generator  is  rated  at  20  kVA,  3-phase  120/2C8  volts  400  Hz.  It  can  be 
connected  to  any  or  all  of  the  three  main  AC  buses. 

A  40- ampere- hour  nickel-cadmium  battery  is  included  as  backup  for  the 
emergency  generator.  The  battery  serves  to  maintain  continuity  of  power  to 
the  critical  loads  during  start-up  of  the  emergency  generator  or  the  1PU 
following  loss  of  both  main  generators  or  both  engines.  In  the  event  of  loss 
of  both  engines,  the  I P U  will  be  clutched  to  one  or  both  AKAD  gearboxes  to 
drive  the  hydraulic  pumps  and  the  main  generators.  The  IPU  is  capable  of 
starting  an  engine  in  flight  while  driving  the  loaded  generators  and  hydraulic 
pumps . 


3.10.3  Hydraulic  Power  System 

The  primary  goal  in  configuring  the  hydraulic  power  system  for  the  Baseline 
Airplane  was  to  provide  the  most  competitive  arrangement,  in  terms  of  size, 


59 


weight,  reliability,  maintainability,  and  cost,  that  could  be  considered 
available  for  the  1990  time  frame.  One  of  the  first  questions  was  to 
determine  the  nunber  of  hydraulic  subsystems  required. 

Rigorous  compliance  with  KIL-H-544CG  could  lead  to  the  use  of  three  subsystems 
since  it  requires  that  the  hydraulic  systrm(s)  be  configured  such  that  any  two 
fluid  system  failures  due  to  combat  or  other  djnage  which  cause  loss  of  fluid 
or  pressure  will  not  ~*sult  in  complete  loss  of  flight  control,  and  that  the 
surviving  system(  s)  shall  provide  sufficient  control  to  meet  the.  level  3 
flying  qualities  of  ML -F -8785  for  conventional  takeoff  and  landing,  however, 
from  the  requirements  for  the  individual  actuation  systems  listed  in  Table  4, 
only  the  canard  and  ele  on  actuation  systems  have  e  firm  requirement  to 
maintain  actuation  capability  after  the  failjre  of  two  power  sources. 
Therefore,  it  was  possible  to  consider  cither  of  two  basic  options: 

a.  Provide  three  main  hydraulic  subsystem-; 

b.  Provide  two  main  subsystems  with  one  or  more  additional  auxiliary  systems 

Before  a  selection  was  made,  a  load  analysis  was  conduted,  operating  pressure 
selected,  and  a  rumber  of  configuration  arrangements  were  made  for  study. 

3.10.3.1  Load  Analysis 

The  hydraulic  flow  rates  required  for  each  actuator  and  hydraulic  motor  to 
obtain  its  design  slew  rate  or  speed  wore  determined  during  Phase  II  and  are 
'Stcu  in  Table  13.  The  maximun  simultaneous  f'ow  demands  tor  various  flight 
''nditiony  were  determined  fer  each  of  the  candidate  hydraulic  systems  and  are 
ced  in  Tables  14  through  16  for  the  selected  arrangement.  Pump  sizes  were 
determined  and  are  listed  in  Tab  17. 

3.10.3.2  Operating  Pressure 

A  nunber  of  studies,  starting  with  those  conducted  by  the  Glenn  L.  Martin 
Company  {published  in  1954  in  Reference  7)  have  shown  that  hydraulic  system 
weight  can  be  educed  by  increasing  system  operating  pressure  above  the 
standard  3,000  psi  level.  Several  aircraft  in  the  intervening  years, 
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TABLE  13  ACTUATION  LOADS  AND  HYDRAULIC  FLOW  REQUIREMENTS 
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Note:  N.G.  Ztecring,  Wheel  Brakes,  Canopy,  Aerial  Refueling,  and  Emergency 
Generator  Drive  loads  not  shown.  They  do  not  enter  into  pump  sizing. 
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TABLE  16  ACTUATION  RATE  REQUIREMENTS  AND  HYDRAULIC  FLOW  tlMANDS 
SUBSYSTEMS  2  AND  3  OF  3  SUBSYSTEMS 
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TABLE  17  REQUIRED  HYDRAULIC  PUMP  SIZES 
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including  the  USAF  8-70  and  B-l  bombers,  the  Concorde  supersonic  transport, 
and  other  foreign  aircraft,  have  been  designed  with  4,000  psi  systems;  and, 
the  Navy,  in  their  desire  for  absolute  weight,  minimization  for  future  V/STOL 
aircraft,  has  sponsored  c-evelcpnert  of  8,000  psi  system  technology. 

However,  in  studies  previously  conducted  at  Boeing,  it  was  concluded  that, 
with  normal  design  practice  for  xir  Force  combat  aircraft,  the  minimum  weight 
of  hydraulic  transmission  Hne  tube  runs  would  be  obtained  witn  a  system 
operating  pressure  of  approximately  5,000  ps.  and  that  their  weight  would 
increase  at  higher  pressures.  This  is  shown  in  Figure  17.  As  shown  in  the 
LAMINAR  (F*4)  curve,  the  minimum-weight  pressure  for  tubing  designed  for 
laminar  flow,  with  a  burst  safety  factor  of  four  times  working  pressure,  is 
approximately  5,CC0  psi.  With  a  burst  safety  factor  of  three  times  working 
pressure  (the  LAMINAR  F-3  curve)  the  minimum-weight  pressure  is  approximately 
6,CC0  psi;  however,  there  is  very  little  reduction  of  weight  by  going  to 
pressures  above  5.COO  psi. 

These  curves  also  shew  that  t'  e  minimim- weight  pressure  increases  if  the 
tubing  is  sized  for  turbulent  flow.  Since  most  Navy  aircraft  are  not  required 
to  start  up  from  a  cold  soak  condition  and  become  airborne  within  a  few 
minutes,  as  required  for  most  Air  Force  combat  airrraft,  the  Navy's  tubing 
Sizes  can  be  smaller  and  the  fluid  flow  is  nearly  always  turbulent.  (Note 
that  Figure  17  was  prepared  for  a  presentation  to  the  Naval  Air  Development 
Center  and  the  Naval  Air  Systems  Command,  and  that  the  curves  are  based  on 
eouations  which  included  the  characteristics  of  MIL-H-83282  fluid  and  t lie 
3A1-2.5V  titanium  alloy  tubing.  It  is  expected  that  the  minimum-weight 
pressures  would  be  approximately  the  same  for  other  i.ydreulic  fluids  but  would 
be  somewhat  lower  for  tubing  alloys  with  lower  strength- to-weight  ratios. 
However,  for  an  ATS  aircraft  in  the  1990  time  frame,  the  use  of  3A1-2.5V  cold 
worked  titanium  tubing  is  considered  a  good  choice  at  this  time.) 

Figure  18  illustrates  the  transition  temperatures  where  laminar  flow  of 
MIL-H-5606  fluid  in  system  tubing  changes  to  turbulent  flow  for  a  typical 
design  flow  velocity  of  2G  feet  per  second.  Note  that  for  almost  all  of  the 
normally  used  tubing  sizes  (-12  and  smaller),  the  transition  temperature  is 
above  zero  degrees  Fahrenheit.  Since  it  is  considered  that  the  ATS  aircraft 


Figure  17  The  Comparison  of  Relative  Transmission  Line  Weight 
VS  Hydraulic  System  Operating  Pressure 


Figure  18  laml nar-FI ow- to-Turbul  ent-Flow  Transition  Temperatures 


for  Typic  il  System  Tube  Sizes 
6b 


used  in  this  study  is  the  type  which  must  be  able  to  start  up  from  a  cold  soak 
condition  and  become  airborne  within  minutes,  it  is  assumed  that  there  will  be 
times  when  design  flow  rates  must  be  provided  st  fluid  temperatures  below  zero 
degrees  and  that  the  tubing  must  be  designed  for  laminar  flow  conditions. 

In  addition  to  the  transmission  line  tubing,  the  hydraulic  actuators  also 
represent  a  significant  portion  of  the  overall  system  weight.  As  shewn  in 
Figure  19,  minimum  weight  for  typical  actuators  is  expected  between  3.CC0  and 
6,000  psi  depending  upon  actuator  force  size.  As  shown  in  Figure  20,  the 
optimum  pressure  for  minimum  space  volume  is  somewhat  higher,  and  also 
increases  with  actuator  force  size. 

Therefore,  in  consideration  that  the  predicted  actuation  forces  for  the  study 
aircraft  are  high,  and  in  the  interests  of  weight  and  space  optimization, 

5,000  psi  was  chosen  as  the  system  operating  pressure. 

3. 1C. 3.3  Selected  System  Arrangement 

The  three-system  hydraulic  power  arrangement  was  selected  for  the  following 
reasons: 

(1)  Hydraulic  pump  sizes  required  are  within  the  range  of  sizes  currently 
available  for  3000  and  4000-psi  aircraft  hydraulic  systems.  The 
development  of  5000-psi  pumps  in  those  sizes  for  use  in  the  1990-plus 
time  frame  should  present  no  insurmountable  problems  for  the  punp 
manufacturers . 

(2)  The  required  sizes  of  the  auxiliary  pumps  in  the  two  system 
arrangements  present  a  major  problem  due  to  the  size  of  the  electric 
drive  motors. 

(3)  The  three- system  arrangement  is  lighter  and  less  complex  chan  the 
two-system  arrangement. 

A  block  diagram  of  the  selected  arrangement  is  shown  in  Figure  21,  a  schematic 
diagram  in  Figure  22,  and  a  list  of  major  components  in  Table  18. 
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ACTUATOR  WEIGHT 


miT 


ACTUATOR 


Hydraulic  Power  System  Schematic 


TABLE  18 

BASELINE  AIRPLANE  -  HYDRAULIC  POWER  SYSTEM  COMPONENTS 


COMPONENT 

QUANTITY 

UNIT 

WEIGHT  (lbs) 

FLUID  WT 
PER  UNIT 

TOTAL 

WEIGHT  (IDS) 

Hydraulic  Pump 

4 

27.0 

3.0 

120.0 

Reservoir  No  1 

1 

11.5 

15.0 

26.5 

Reservoir  No  2  and  3 

2 

5.0 

6.0 

22.0 

Temp  Control  Valves 

3 

1.0 

-  * 

3.0 

Over  Temp  ^witches 

3 

0.1 

0.3 

Heat  Exchangers 

3 

3.0 

C.i 

9.3 

Filter  Module  No  1 

1 

23.0 

2.3 

25.3 

Filter  Module  Nc  2  and  3 

2 

15.0 

1.5 

33.0 

Case  Drain  Filter  Module 

4 

8.0 

0.4 

33.6 

Reservoir  Service  Panel 

1 

10.C 

0.6 

10.6 

Reservoir  Relief  Valves 

6 

0.1 

-- 

0.6 

Reservoir  bleeder  Valves 

6 

0.1 

-- 

0.6 

Firewall  S.O.  Valves 

4 

1.7 

-- 

6.8 

Disconnects 

10 

1.28 

-- 

12.8 

Hydraulic  Hand  Pump 

1 

3.4 

-  - 

3.4 

Pressure  T, jnsmitters 

3 

0.2 

-  - 

G.  6 

Tubing  and  Fittings  (Total) 

80.8 

52.3 

133.1 

IV  ALL -ELECTRIC  AIRPLANE  CCNF  IGURATICN 


4.1  General 


The  objective  of  the  design  phase  was  to  select  the  most  competitive 
combination  of  electrical  actuation  systems  and  electrical  power  systems  for 
transmitting  power  to  those  systems  and  for  providing  fly-by-wire  control  to 
the  flight  control  actuation  systems  that  could  be  considered  for  the 
1390-plus  time  frame.  In  keeping  with  the  overall  objectives  and 
requirements,  it  was  required  that  the  selected  electrical  power  system  derive 
its  power  primarily  from  the  engine  through  engine-driven  electrical 
generators  and  transmit  that  power  through  a  distribution  system  of  electrical 
buses.  The  total  secondary  power  system  and  actuation  systems  are  define^  3c 
that  a  direct  comparison  can  be  made  w-ith  the  Baseline  Airplane  design 
described  in  Section  III. 

4 . 2  Actuation  Systems  for  the  All-Electric  Airplane 

Two  actuation  types  were  considered  for  the  All-Electric  Airplane  actuation 
functions,  i.e.,  uhe  el ectromechanical  actuator  (EM)  system  and  the 
integrated  actuator  package  (IAP)  system.  Three  EKA  schemes  were  considered: 
the  servomotor  gearbox,  clutched  electrical  actuation,  and  the  mechanical 
servo  power  package  (M$PP).  Also,  three  !AP  concepts  were  considered:  the 
servepump  concept,  accumulator  stored-energy  concept,  and  the  fixed- 
displacement  punp  concept.  The  IAP  concept,  however,  was  rejected  for  all 
actuation  functions  since  in  each  case  it  proved  to  be  heavier  than  the 
comparable  ENA  in  most  acpl  nations . 

Under  a  subcontract,  AiResearch  Manufacturing  Company  of  California  assisted 
i r.  providing  data  for  configurations  of  EMs  for  the  various  actuation 
functions.  The  results  of  their  study  effort  is  reported  in  AiResearch 
Cociment  f.'o.  80-17284  (Reference  1). 

Oata  obtained  from  AiResearch  along  with  data  obtained  from  other  suppliers 
was  used  to  arrive  at  a  selection  for  the  actuation  system  for  each  of  the 
funct  ons„  Table  19  summar' aes  the  selected  systems  for  the  airplane  flight 
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-r/vBLE  19  ALL-ELECTR IC  AIR  WANE  ACTUATION  SUMMARY  -  CONTROL  SIRFACE 


r:.' 


controls  and  Tables  20  and  21  for  the  non- flight  control  functions.  Figure  22 
shows  the  location  of  the  actuation  systems  in  the  aircraft  and  Figure  24 
shows  how  these  actuators  are  integrated  into  the  aircraft.  Each  of  the 
individual  applications  is  covered  in  the  following  paragraphs. 

For  each  actuator  application  that  utilizes  a  DC  brushless  motor,  a  separate 
controll ^r/invertcr  is  required.  During  Phase  11,  various  methods  for 
packaging  and  cooling  these  units  were  investigated.  The  original  rackaging 
concept  decided  upon  was  an  evaporative  cooled  configuration  in  which  the 
electronics  were  installed  in  a  circular  container  filled  with  a  fluid  cooling 
medium.  However,  after  sizing  the  various  control lcr/inverters  to  the 
individual  actuation  requirements,  it  was  found  that  the  units  were  very 
heavy,  with  approximately  half  the  weight  being  due  to  the  fluid  cooling 
medijn.  Therefore,  another  packaging  and  cooling  method  was  devised  in  which 
the  heat- produci ng  electronics  are  mounted  on  a  cold-plate  through  which  a 
cooling  fluid  is  pumped.  The  difference  in  these  packaging  concepts  in  terms 
of  volume  and  weight  is  indicated  below: 

Control ler/Inverter  Evaporative  Cooling  Cold-Plate  Cooling 

Rating  (Amps)  Vol  (in3)  Wt  (lb's)  Vol  (in3)  V  t  ( lbs) 


50 

172 

11.5 

56 

4.0 

100 

426 

22.5 

113 

7.2 

150 

508 

36.0 

169 

11.1 

200 

672 

48.0 

225 

14.3 

Although  the  volume  and  weight  saving  with  the  cold  plate  cooling  concept  is 
impressive,  some  of  these  savings  must  go  back  into  the  liquid  cooling  system 
required  to  support  this  concept.  The  liquid  cooling  system  is  described  in 
paragraph  4.9,4. 

Configuration  studies  were  continued  after  completion  of  Phase  II  and  have 
resulted  in  the  following  actuation  system  changes  which  are  reflected  in 
Tables  19.  2C,  and  21: 
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TABLE  20  ALL -ELECTRIC  AIRPLANE  ACTUATION  StfMARY  -  LAfCING  GEAR 


TABLE  21  ALL -ELECTRIC  AIRPLANE  ACTUATION  SLfcKARY  -  M ISCELLANEOUS 
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Figure  23  Actuation  Systems  Locatlo 
All-Electric  Airplane 


INLET  BYPASS  DOOR 
POWER  DRIVE  UNIT 


( • ) 


I 


linear  8ALLSCREW 
POWER  DRIVE  unit 
ONE  PER  INLET 


Canard  .. 

Pudder  - 
IE  Flaps  - 

Landing  Gear  Retraction  - 
Aerial  Refueling  and  Canopy 
Gun  Drive  - 

ECS  Boost  Compressor  - 

ECS  Pack  Compressor  and  ECS 
Fan  - 


changed  cooling  of  controller/ inverter  from 

shared  E/E  to  cold  plate 

changed  from  IAP  to  EKA  system 

changed  cooling  of  controller/inverter  from 

forced  air  tc  cold  plate 

changed  from  AC  motors  to  27CV  DC  motors 

(both  main  and  nose  gear) 

changed  from  AC  motors  to  28V  DC  motors  (3 

pi  aces) 

added  controller/ inverter 

changed  cooling  of  controller/inverter  from 

shared  E/E  to  cold  plate 

changed  from  AC  motors  to  270V  DC  motors 
and  added  controller/ inverters  with  cold 
plate  cooling 


The  rationale  for  thesp  changes  is  covered  In  the  following  paragraphs  which 
cover  these  functions. 


4.3  Flight  Control  Actuation 


4.3.1  Canard 


Actuation  trades  considered  the  tvo  canard  surfaces  interconnected  as  well  as 
separated,  as  was  done  for  the  Baseline  Airplane.  The  selected  configuration 
is  a  ball  screw  actuator  driving  each  conard  surface  (not  interconnected).  The 
redundancy  requirements  as  specified  in  Table  4  are  met  by  using  three  motors, 
magnetically  summed  on  the  same  shaft.,  to  power  each  actuator.  The  motors  are 
sized  so  that  with  one  motor  failed,  the  remaining  two  motors  can  power  the 
actuator  at  rated  load  and  speed.  The  configuration  is  shown  In  Figure  24 
View  A-A,  and  was  selected  for  the  following  reasons: 


(1)  Significant  weight  sav  ig  over  the  other  two  types  of  EVA  and  the  IAP 
configurations. 
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(2)  Deleting  the  interconnection  between  the  two  canard  surfaces  saves 
weight  and  reduces  complexity.  The  added  actuation  redundancy  for 
separate  surface  control  has  minimal  weight  impact  since  no 
additional  control  capability  is  added  in  terms  of  increased  power. 

The  actuation  system  for  each  of  the  two  canard  surfaces  consists  of  the 
following  components: 

Ball  screw  Actuator 

270V  DC  hotor  (3  required  @  8.0  lbs) 

Control ler/Invertcr  (3  required  P  7.7  lbs) 

Total  Weight  per  Surface 

4.3.2  Elevens 

Actuation  trades  considered  a  hingcline  actuation  system,  a  body- mounted  power 
drive  unit  (PDU)  and  hingeline  gearbox  configuration  and  an  IAP.  The  body- 
meunted  PDU,  consisting  of  two  motors  and  a  torque  summed  grarK'x,  along  with 
a  hingeline  rotary  gearbox  shown  in  Figure  24  View  F,  is  the  selected 
configuration  for  the  following  reasons: 

(1)  Less  weight  than  hingeline  EMA  end  IAP  configurations. 

(2)  It  is  the  only  configuration  considered  that  fits  within  the 
available  envelope. 

The  actuation  system  for  each  of  the  two  elevon  surfaces  consists  of  the 
following  components: 

PDU/Hi ngel  inc  Gearbox 
270V  DC  hoti  r  (2  required  @  13.7  lbs) 

Controller/Inverter  (2  required  @  24.5  lbs) 

Total  Weight  per  Surface 

4.3.3  Rudder 

Two  EMA  configurations  and  three  IAP  configurations  were  evaluated  during 


70. C  pounds 
27.4  pounds 
49.0  pounds 
146.4  pounds 


38.0  pounds 
24.0  pounds 

23.1  pounds 

85.1  pounds 
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Phase  II  and  the  PUU/hingel ine  gearbox  EVA  system  selected  for  the  rudder 
function  because  it  has  the  least  weight  and  complexity. 

The  actuation  system  for  the  rudder  consists  of  the  following  components: 

PDU/Hi ngel ine  Gearbox  39. C  pounds 

27  CV  DC  Vo  tor  (2  Required  <?  1C. 5  lbs)  21.0  pounds 

Controller/Inverter  (2  Required  0  14.0  lbs)  28.0  pounds 
Total  Weight,  Rudder  Actuation  System  88.0  pounds 

4.3.4  Spoilers 

A  single  hingeline  motor/gearbox  for  each  spoiler  segment  was  selected  ever 
other  concepts  for  the  following  reasons: 

(1)  Lighter  and  simpler  than  other  EVA  concepts  (e.g.,  PDU  in  body 
driving  hingeline  gearbox  through  a  torque  tube;  ball  screw  linear 
actuator' 

(2)  IAP  offers  no  significant  advantage  over  EVA  actuation  system 

(3)  A  neat,  compact  installation  is  possible  as  shown  in  Figure  24 
View  F. 

The  actuation  system  for  each  of  the  four  spoiler  surfaces  consists  of  the 
following  components: 

PDU/Ri nacl  ine  Gearbox 
27CV  DC  Votor 
Control  1 er/ Inverter 
Total  Weight  per  Spoiler 

4.3.5  Leading-Edge  Flaps 

A  single  hingeline  motor/gearbox  for  each  leading-edge  flap  segment  was  the 
selected  configuration  for  the  same  reasons  as  listed  for  the  spooler 
application,  paragraph  4.3.4.  Synchronization  of  the  flaps  is  accomplished 
electrical ly. 


he  actuation  system  for  each  of  the  six  leading-rdge  flap  segments  consists 
of  the  following  comp>  isnts: 


Hingeline  Gearbox 
270V  DC  Ho tor 
Controller/ Inverter 
Total,  per  flap  segnent 


34.7  pounds 
6.5  pounds 
8  5  pounds 

49.7  pounds 


4.4  Engine  Inlet  Control  Actuation 
4.4.1  Engine  Inlet  Centerbody 

Only  linear  actuation  concepts  were  considered  since  the  centerbody  geometry 
and  operational  requirements  dictate  the  use  of  a  linear  actuator.  The 
configuration  selected  is  a  linear  ball  screw  electromechanical  actuator  shown 
in  Figure  24  View  H. 


me  actuation  system  fOi  each  Gt 
the  following  components: 


inlet  cer.tcrbodies  consists  of 


Ball  screw  Actuator 
270V  DC  Hoter 
Controller/ Inverter 

Total  weight,  per  engine 


32.0  pounds 
5.0  pounds 
7.5  pounds 
44.5  pounds 


4.4.2  Engine  Inlet  Bypass  Doors 


The  selected  configuration,  shown  in  Figure  24  View  P-P,  consists  of  one  EM 
(single  motor  plus  planetary  gearbox  package)  operating  each  pair  of  doors. 
The  actuation  system  for  each  of  the  four  pairs  of  bypass  doors  consists  of 
the  following  components: 

3.0  pounds 
l.C  pound 
1 .0  pound 
5.C  pounds 


Planetary  Gearbox 

27CV  DC  Hotor 

Control ler/i nverter 

Total  Weight  per  Pair  of  Doors 
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i 
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4.5  Landing  Geer  end  Brakes 


4.5.1  Main  Gear  Retraction 

The  main  gear  retraction  system  consists  of  a  linear  ball  screw  actuator 
powered  by  a  27CV  DC  motor  for  each  main  landing  gear.  A  separate  controller/ 
inverter  is  provided  for  each  motor.  This  arrangement  differs  from  the 
configuration  selected  during  Phase  II  since  it  was  powered  by  a  400  Hz  AC 
motor.  The  weight  difference  is  negligible,  however,  since  the  weight  of  the 
AC  motor  is  nearly  identical  with  the  combined  weight  of  the  27CV  DC  motor  and 
the  controller/inverter.  Installation  of  the  mein  gear  actuator  is  shown  in 
Figure  24  View  R. 

The  actuation  system  for  each  of  the  two  main  landing  gears  consists  of  the 
following  components: 

Bal  1  screw  Actuator 
27 CV  DC  Motor 
Control  1 er/Inverter 

Total  Weight  per  gear 

4.5.2  Nose  Gear  Retraction 

As  in  the  case  of  the  main  gear  retraction  system,  the  configuration  cf  the 
nose  gear  retraction  system  has  changed  from  that  selected  during  Phase  II. 

The  AC  motor  has  been  replaced  by  a  270V  DC  motor  and  a  control  1 er/ i nverter 
with  a  very  slight  decrease  in  weight.  Installation  is  show.n  in  Figure  24 
View  S. 

The  actuation  system  for  the  single  nose  landing  gear  consists  of  the 
followi ng: 

Ball  screw  Actuator  20.0  pounds 

270 V  DC  Motor  5.0  pounds 

Control  1 er/Inverter  5.7  pounds 

Total  Weight,  Nose  Gear  Actuation  3C.7  pounds 


20.0  pounds 
5.0  pounds 
5.7  pounds 
30.7  pounds 
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4.5.3  Nose  Cear  Steering 


The  actuator  configuration  selected  for  nose  gear  steering  is  a  rotary 
actuator  powered  by  a  28V  DC  brush  type  motor.  This  configuration  permits 
operation  of  the  nose  gear  steering  function  during  towing  operations  on  the 
ground  when  the  only  source  of  power  is  the  aircraft  battery. 

The  actuation  system  for  nose  gear  steering  consists  of  the  following 
components: 

Rotary  Actuator  20.0  pounds 

28V  DC  Brush  Type  Kotor  4 .0  pounds 

Total  Weight  24.0  pounds 

4.5.4  Kain  Gear  Wheel  Brakes 

A  study  of  electric  brake  actuation  was  made  by  Goodyear  Aerospace  Company. 

Weight  estimates  for  the  selected  wheel  and  brake  are  as  follows: 

Wheel  Assembly  77  pounds 

Brake  Assembly  94  pounds 

The  brake  actuation  components  have  been  segregated  from  the  total  brake 
assembly  in  order  to  permit  a  more  meaningful  comparison  with  the  Baseline 
Airplane.  The  brake  actuation  system  for  each  of  the  tvfl  mein  gears  consists 
of  the  following  components: 

Bull  Ring  Assembly  7.0  pounds 

Kotor  {8  required  @  C.75  lbs)  6 .0  pounds 

Total  ,  per  gear  13. C  pounds 

4.6  Aerial  Refueling  System 

The  aerial  refueling  actuation  system  is  similar  to  the  hydraulically  actuated 
system  in  the  Baseline  Airplane  (paragraph  3.6)  except  that  a  rotary 
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electromechanical  actuator  ( EKA )  is  used  for  door  actuation  and  a  line,  r  EM 
is  used  for  nozzle  latch  actuation.  Rated  oads  and  weights  are  as  follows: 


Door  EM  (Rotary) 
Rated  Load 
Actuator  Weight 
Kotor  Weight 
Tcta1  Weight 


0,5  HP 
8.0  pounds 
0.25  pounds 
8.25  pounds 


Nozzle  Latch  EKA  (Linear) 

Rated  Lo3d  1750  pounds 

Actuator  Weight  4.C  pounds 

Kotor  Weight  0.7  pounds 

Total  Weight  4.7  pounds 


Both  actuators  are  powered  by  28V  DC  brush  type  motors  so  that  the  system  can 
be  operated  from  battery  power  in  an  emergency. 


4. 7  Canopy  Actuation 


A  linear  EKA,  with  character! sti c s  as  listed  below,  was  selected  for  canopy 
actuation: 


Rated  Load 
Actuator  Weight 
Motor  Weight 
Total  Weight 


0.5  hp 
7.0  pounds 
1.0  pounds 
8.C  pounds 


The  actuator  is  powered  by  a  28V  DC  brush  type  motor  sc  that  the  canopy  can 
be  operated  from  battery  power  when  other  power  sources  are  not  available. 


4.8  Gun  Drive 


The  total  power  required  for  the  25-frm  Gatling  gun  is  25  hp  which  includes 
14  hp  for  the  gun  drive  and  11  hp  for  the  feed  system.  A  270V  DC,  20,000  rpm, 
brushless  motor  was  selected  to  provide  the  required  power.  Component  weights 
are : 
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Gearbox 
totor 

Co nt roller/ Inverter 
Total  Veight 

4 . 9  Environmental  Control  System  (ECS) 

The  ECS  in  the  All-Electric  Airplane  is  identical  to  that  in  the  Baseline 
Airplane  (Figure  13)  except  for  the  electrically  driven  components  described 
in  the  following  paragraphs. 

4.9.1  ECS  Boost  Compressor 

The  ECS  boost  compressor  is  driven  by  a  brushless  DC  motor  with  a  weight  of 
21.4  pounds.  The  required  motor  controller/inverter  weighs  19  pounds.  Cut; 
cycle  is  continuous  during  climb,  cruise,  ana  lending.  No  boost  compression 
is  required  during  flight  at  F'ach  2.2  and  6C.CCC  feet  altitude. 

4.9.2  ECS  Pack  Compressor 

The  ECS  pack  compressor  compresses  the  fluid  used  by  the  refrigeration  pack. 
It  is  driven  by  a  brushless  DC  motor  whici  weighs  11  pounds.  The  associated 
controller/inverter  weighs  5  pounds  and  duty  cycle  is  continuous. 

4.9.3  Electronic  Ceding  fan 

The  electronic  cooling  fan  circulates  air  betv-een  the  heat  sink,  prcvidec  by 
the  ECS  refrigeration  pack,  and  the  electronic  equipment.  It  is  a  continuous 
duty  unit  driven  by  a  brushless  DC  motor  weighing  18.4  pounds  and  a 
control ler/i nverter  at  16  pounds. 

4.9.4  Liquid  Cooling  System 

The  actuation  systems  for  the  All-Electric  Airplane  described  in  paragraphs 
4.2  through  4.S.3  include  a  total  of  28  liquid-cooled  control ler/i nverters . 
This  paragraph  describes  the  liquid  cooling  system  needed  to  provide  cooling 
for  the  controller/i nverter . 


15.6  pounds 
11.2  pounds 
9.8  pounds 
36.5  pounds 
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Due  to  redundancy  requirements  in  the  flight  control  system,  three  separate 
cooling  loops  are  required.  Heat  loads  have  been  d’vided  among  the  three 
loops  us  equally  as  possible  and  the  components  sized  accordingly. 

4  schematic  diagram  of  the  system  is  shown  in  Figure  25  and  component  weights 
are  summarized  below: 


Reservoirs  (3) 

Kotor/Punp  (3) 
Controller/Inverter  (3) 

Heat  Exchangers  (3) 

Tubing,  fluid-total 
Installation,  wiring  -  total 

Total  Weight 


9.9  pounds 
7.5  pounds 
6.0  pounds 
6.0  pounds 
22.1  pounds 
30 .0  pounds 
81.5  pounds 


4.10  Secondary  Power  System 


The  secondary  power  system  for  the  All-Electric  Airplane  is  the  Electrical 
Power  System. 

4.10.1  Electrical  Power  System 

The  electrical  power  syscem  was  designed  to  meet  the  requirements  of  power 
quantity,  power  quality,  and  source  redundancy  for  the  power-by-wire  flight 
control  actuators  and  fly-by-wire  control  of  those  actuators,  as  well  as  the 
weapons  systems,  avionics,  fuel  control,  and  other  utility  systems  that 
conventionally  use  electrical  power.  The  generators  also  shall  serve  as 
motors  for  engine  starting. 

The  objective  in  this  phase  of  the  study  was  to  select  the  most  competitive 
combination  of  electrical  power  generation  and  distribution  system  components 
that  could  be  considered  available  in  the  1990  plus  time  frame. 

Before  selecting  the  electrical  system  configuration,  a  comparison  study  was 
made  to  select  the  specific  starter- generator  and  power  conditioning  equipment 
type  to  be  used  in  the  final  trade  study.  Three  basic  concepts  were 
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Figure  25  Liquid  Cooling  Syu tern  —  A1 1 -Electric 


considered  for  processing  the  raw  power  (wild  frequency,  wild  voltage) 
delivered  by  the  generator: 

1.  Convert  all  of  the  power  to  regulated  120/208  volts,  400  Hz,  and  then 
rectify  the  desired  portion  to  270  volts  DC. 

2.  Convert  the  desired  portions  of  power  from  generated  voltage  and  fre¬ 
quency  directly  to  270  volts  DC  and  120/208  volts  400  Hz. 

3.  Convert  all  of  the  raw  power  to  regulated  270  volts  DC  and  then 
invert  the  desired  portion  to  120/208  volts.  4CC  Hz. 

The  electrical  power  system  configuration  selected  during  Phase  II  is  shown  in 
Figure  26.  This  configuration  met  the  electrical  load  profile  shown  in  Figure 
27.  However,  a  major  concern  with  this  configuration  was  the  relatively  large 
weight  of  the  cycloconverters  (a  total  of  21C  pounds  for  the  2  units).  This, 
plus  the  fact  that  the  rectifier  bridges  were  lightly  loaded,  caused  the 
question:  Why  can't  loads  be  moved  from  4CC  Hz  AC  to  the  DC  busses,  the  cyclo¬ 
converters  eliminated,  and  the  remaining  AC  requirements  met  by  small 
1  r.vsrtsrs? 

The  electrical  load  analysis  was  examined  and  the  following  loads  identified 
as  these  that  could  be  powered  by  DC  instead  of  400  Hz  power: 

CONNECTED  LOAD 


LOAD 

iM 

Primary  Fuel  Eoost  Pumps 

7.7 

Backup  Fuel  Eoost  Pumps 

7.3 

Fuel  Transfer  Pumps 

1 

J  »  *-• 

Electronic  Cooling  Liquid  Pump 

2.0 

Nose  Cear  Retract  Actuator 

5.  ■ 

Fain  Gear  Retract  Actuators 

9.4 

ECS  Compressor  totor 

9.4 

ECS  fan  Notor 

37.6 

Transformer  -  Rectifier  Units 

8.2 

Lights 

1.1 

Aerial  Refueling 

0.4 

Canopy  Actuator 

_C  I 

95.8 

Therefore,  of  the  99  kW  of  connected  load  s u p pi  i ed  by  40C  Hz  AC  in  the  Phase 
II  configuration,  all  but  2.2  kW  could  be  supplied  by  DC,  either  270  or  28 
vol ts . 

These  results  encouraged  further  consideration  of  the  power  system  change  to 
the  extent  that  the  total  electrical  load  analysis  was  revised  (see  paragraph 
4.10.1.1),  equipment  changes  identified,  and  estimates  made  of  electrical 
system  and  cooling  system  impact.  This  led  to  the  following  conclusions: 

1.  The  maximum  continuous  400  Hz  load  requirement  is  2.0  k V.  in  the 
CRUISE  flight  condition. 

2.  The  maximum  continuous  28V  DC  load  requirement  is  2.9  kk  in  the 
TAKEOFF  and  LAND  flight  phases  and  less  in  other  flight  phases. 

3.  There  is  no  significant  change  in  total  overall  power  requirement. 

4.  There  is  a  reduction  of  28  pounds  in  total  equipment  weight  and  d 
reduction  of  142  pounds  in  major  electrical  power  system  components. 

5.  The  effect  on  the  liquid  cooling  system  is  e  5  pound  weight  increase. 

The  net  weight  saving  of  165  pounds  was  sufficient  reason  for  making  this 
change  in  the  electrical  power  system,  but  other  considerations  serve  to 
reinforce  this  decision.  First,  the  rectifier  bridges  are  already  of 
sufficient  capacity  to  handle  the  additional  27CV  DC  loads  (they  were  sized  by 
the  engine  starting  requirement).  Second,  the  rectifier  bridges  are  more 
efficient  and  less  complex  than  the  cyclcconverters ,  resulting  in  lower  losses 
and  increased  reliability. 

It  was  concluded  that  the  configuration  change  was  most  desirable  and 
therefore  it  was  made,  resulting  in  the  schematic  diagram  shown  in  Figure  28. 
Power  distribution  for  the  actuation  systems  is  shown  in  Figure  29. 
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START  fCCOtRS 


fC(  tH  i 


270  VDC  BUS  1  270  VDC  ELIS  3  270  VDC  BUS  2 


AERIAL  REFUELING 


4.10. 1.1  Load  Analysis 


The  updated  electrical  load  analysis  Is  shown  in  Figure  30  and  Tables  22 
through  24. 

4.10.1.2  Selected  System  Arrangement 

The  two  main  generator/starters  are  mounted  on  the  engine  spinners  as  shown  in 
Figure  31.  An  identical  unit  is  mounted  on  the  IP U  power  take-off  pad.  All 
oth-jr  major  components,  listed  in  Table  25,  are  installed  in  the  fuselage. 
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OOHZ  CONNECTED  TAKE  CLIMB  CRUISE  MISSION  IANO  GRD  OP 
LOAD  OFF  OPERA! 


Figu.  e  30  Electrical  Load  Profile  -  All-Electric  Airplane 
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TABLE  22  ALL-ELECTRIC  AIRPLANE  LOAD  ANALYSIS  SUMMARY  SHEET  1  OF  1 


TABLE  23  ALL -ELECTRIC  AIRPLANE  ELECTRICAL  LOAD  ANALYSIS  of  270  VDC  LOADS 


00* 


ABLE  24  ALL-ELECTRIC  AIRPLANE  ELECTRICAL  LOAD  ANALYSIS  OF  115  VAC  AND  28  YDC  LOADS 


PPH 


s  s  £  a 


II  I  £ 


?!  i 


II  1 


S  -  2 

*!  m 

*i  \iX 


r  5  j-»  -5  5 

—  5  I  v 

t»  J  i  «  ~  — 


ELECTRIC  AIRPLANE  ELECTRICAL  LOAD  ANALYSIS  OF  115  VAC  AND  28  VOC  LOADS 


ELECTRIC  AIRPLANE  ELECTRICAL  LOAD  ANALYSIS  OF  115  VAC  AND  28  VDC  LOADS 


TABLF  24  ALL-ELECTRIC  AIRPLANE  ELECTRICAL  LOAD  ANALYSIS  OF  115  VAC  AND  28  VDC  LOADS  $HKT  5  0F  5 
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TABLE  25  ELECTRICAL  POWER  SYSTEM  MAJOR  COMPONENTS 
ALL-ELECTRIC  AIRPLANE 


COMPONENT 

NO.  REQ'D 

UNIT 

WEIGHT 

TOTAL 

WEIGHT 

Generator/Starter 

3 

.5 

225 

Phase  Delay  Rectifier  Bridge 

3 

25 

75 

DC-OC  Converter 

4 

17 

68 

DC -AC  Inverter 

2 

34 

68 

Battery  (2  @  4C  A -Hr) 

2 

75 

150 

AC  Power  Contactor  6PCT 

2 

18 

36 

AC  Power  Contactor  6PST 

2 

12 

24 

AC  Power  Contactor  SPST 

4 

1 

4 

DC  Power  Contactor  SPOT 

3 

9 

27 

DC  Power  Contactor  SPST 

6 

£ 

V 

36 

Electrical  Wiring  and  Connectors,  total 

231 

TOTAL  * 

944  POUNDS 

i 

j 

i 


tr 

I 

s 


* 

* 

\ 

i 

\ 
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V  TRADE  STUDY 


5. 1  Trade  Study  Hcthocolcgy 

5.1.1  Approa  h 

The  trade  study  was  conducted  in  accordance  with  the  following  outline: 

a)  Identify  alternative  airplane  configurations  to  be  evaluated. 

b)  Identify  trade  study  ground  rules. 

c)  Identify  parameters  to  be  considered  in  evaluation. 

d)  Assign  weighting  factors  to  each  parameter, 
r)  Perform  evaluation  of  alternatives. 

f)  Calculate  weighted  value  totals  for  alternatives. 

The  parameters  evaluated  included: 

We  i  g  ht 

Reliability  and  Kamtainebil  ity 

Life  Cycle  Cost 

Performance 

Growth  Potential 

Surv  ivab  fl  ity 

E/C/L’ghtning  Protection 

Env  ironmental  Constraints 

Initially  it  was  planned  to  assign  weighting  factors  to  each  of  these 
evaluation  parameters  by  comparing  each  against  every  other  parameter  and 
judging  which  is  the  most  important.  However,  this  could  not  be  done  because 
the  relative  importance  of  each  was  dependent  on  many  factors  that  were  not  a 
part  of  this  study  and  different  applications  of  a  given  equipment  item  on  the 
same  airplane  could  have  a  different  relative  importance.  For  example,  weight 
may  be  the  greatest  single  overriding  factor  in  selecting  a  certain  actuator 
for  landing  gear  actuation  whereas,  survivability  may  be  the  most  critical  for 
a  flight  control  function. 
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Therefore ,  the  trades  of  each  parameter  were  made  between  the  alternative 
airplane  configurations  that  were  identified  but  the  relative  importance  of 
each  parameter  was  not  assessed. 

5.1.2  Ground  Rules 

The  comparison  of  the  Baseline  ano  £11  Electric  Airplane  was  made  using  the 
following  ground  rules. 

It  was  assumed  that  all  technological  developments  necessary  to  bring  the 
various  components  and  systems  to  the  point  where  they  vould  be  reedy  for 
application  to  the  study  airplane  would  be  completed  by  1990  and  the  cost  of 
these  developments  is  not  included  in  this  trade  study.  The  program  for  the 
development  of  this  aircraft  would  begin  with  the  release  of  a  request  for 
proposal  in  199C  with  an  aircraft  initial  operational  capability  in  mid  t.o 
late  1990's.  The  airplane  would  have  a  service  life  of  1C.CC0  flight  heu^s 
and  capability  for  6,000  landings.  The  airplane  would  be  designed  for  a  52 
minute  flight  duration  including  takeoff,  climb  ana  cruise-  mid  25  fninutes  for 
loiter,  descent  ami  landing.  Eoth  airplanes  are  assimea  to  be  fly-by-wire. 

The  life  cycle  costs  (LCC)  were  estimated  for  peacetime  operation  only  using 
fiscal  year  1981  dollars.  The  airplane  would  be  operational  for  a  period  of 
15  years,  and  utilize  288  flight  hours  per  year.  The  airplanes  would  be 
grouped  in  squadrons  of  24  units  each.  The  LCC  were  computed  for  production 
quantities  of  5C0  and  1000  units. 

The  LCC  computations  were  done  using  the  RCA  PRICE  yodel  and  PRICE  L  yodel  . 
The  LCC  are  computed  based  on  the  quantity  of  components,  weight  of 
components,  amounts  of  structure,  amounts  of  electronics  (where  applicable), 
complexity  factors  for  engineering  design,  complexity  factors  for  structure 
and  electronics  manufacturing,  and  density  of  electronics  (where  applicable). 
A  detailed  explanation  of  the  RCA  PRICE  and  PRICE  L  models  is  in  Paragrapn 
5.4.  Inputs  are  included  in  Appendix  A  so  that  the  results  achieved  can  be 
duplicated  by  a  user.  The  RCA  PRICE  yodel  calculates  the  RDTSE,  production 
cost,  and  creates  the  yfET  file  for  use  in  the  FCA  PRICE  L  Kodel  where  the 
operations  and  support  costs  are  calculated  for  the  LCC.  The  C&S  cost 
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Includes  mainly  the  supply  (parts)  and  labor  (maintenance)  for  the  repair  of 
an  LRU.  These  costs  are  lower  than  would  be  achieved  by  a  dedicated 
maintenance  organization.  Iri  addition  the  LCC  includes  the  cost  only  of  the 
Baseline  Airplane  and  the  All-Electric  Airplane.  Crew,  fuel,  and  all  other 
systems  normally  included  in  a  total  aircraft  LCC  analysis  are  beyond  the 
intended  scope  of  this  study  and  not  included  in  this  analysis. 

5.2  Weight 

The  weight  analysis  of  each  airplane  is  limited  to  the  actuation  systems, 
secondary  power  systems,  and  the  structural  provisions  to  accommodate  these 
systems.  Ti  e  other  systems  and  components  that  arc  identical  in  each 
airplane,  e.g.,  avionics,  fuel,  propulsion,  'tc.,  are  eliminated  from  the 
analysis  for  simplicity. 

Table  26  shows  the  weight  summary  for  the  two  airplanes,  Table  27  shows  the 
weiqhts  for  the  actuation  systems  for  the  two  airplanes  and  Table  28  shows  the 
weights  for  the  secondary  power  systems  for  the  tvs  airplanes,  source  of  the 
data  in  each  case  is  shown  on  the  table. 

5 . 3  Reliability  and  Kaintainability 
Reliabi 1 ity  Evaluation 

An  assessment  of  the  reliability  of  both  the  Baseline  and  All-Electric 
Airplanes  was  conducted.  Two  parameters  were  used  to  compare  the  two 
airplanes.  These  were  the  probability  of  mission  success  and  the  probability 
of  aircraft  flight  safety.  These  probabilities  were  computed  as  follows.  Ihe 
minimum  equipment  levels  (MEL)  for  each  subsystem  for  both  mission  completion 
and  aircraft  safety  were  defined  and  are  summarized  in  Table  29.  Fault  trees 
were  tnen  constructed  for  both  airplanes  for  loss  of  mission  and  loss  of 
aircraft.  Those  fault  trees  were  developed  down  to  the  individual  failure 
event  that  contributed  to  the  top  event.  Certain  failure  contributing  systems 
which  were  common  to  both  airplanes  were  <  t  considered  in  the  computation 
since  their  effects  would  have  the  same  effect  on  both  airplanes.  An  example 
of  this  would  be  the  F8W  command  signals  since  both  airplares  were  assumed  to 
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TABLE  26 

AIRPLANE  WEIGHT  SUMMARY 


SYSTEM 

BASELINE 

(LBS) 

ALL-E LECTR  1C 

(LBS) 

Flight  Control  Actuators* 

876 

937 

Engine  Inlet  Actuators* 

58 

109 

Other  Air  Vehicle  Actuators* 

211 

200 

ECS* 

21 

172 

Seconder  y  rOwrer'  Systwii** 

1202 

544 

TOTAL 

2367 

2362 

*  From  Table  27 

**  From  Table  28 
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TAELE  27  WEIGHT  SUMMARY  - 
ACTUATION  SYSTEMS 


FUNCTION 

FLIGHT  CONTROL  ACTUATORS 

Canard 
Elevons 
Rudder 
Spoilers 
LE  Flaps 
Valves,  total 

Structural  Weight  Different 

ENGINE  INLET  ACTUATORS 

Centerbody 
Bypass  Doors 
Valves,  total 


OTHER  AIR  VEHICLE  ACTUATORS 

Main  Gear  Retraction 
Nose  Gear  Retraction 
Nose  Cear  Steering 
Main  Gear  Brakes 
Aerial  Refueling 
Canopy  ActuatGr 
Gun  Drive 
Valves,  total 


WEIGHT- POUNDS 


BASELINE 

all  -electr; 

(875.8) 

(937.2) 

170.0 

170.2 

30C.0 

292.8 

48.0 

88.0 

71.2 

88. C 

23. 6 

298.2 

14.0 

— 

'* ** ***  41.0 

-- 

(53. 0) 

(109.0) 

36.0 

89.0 

16.  C 

20.0 

6.0 

*  - 

(211.0) 

(199.5) 

37.8 

61.4 

29.5 

30.7 

22.0 

24.0 

75.0* 

26.  C 

5.8 

13. C 

3.9 

8.0 

26.0 

36.5 

11.0 

-- 

ECS 

Boost  Compressor 
Pack  Compressor 
Electronics  Cooling  Fan 
Liquid  Cooling  System 


(21.0) 

** 

40.4 

5.0 

16.0 

16.1 

34.4 

_ 

81.5 

*  Includes  6,0  pounds  fluid 

**  Included  In  RH  AKAD  Gear  Box 

***  Due  to  Linear  vs.  Hingeline  Actuation 


(172.3) 
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TABLE  28 

WEIGHT  COMPARISON  -  SECONDARY  POWER  SYSTEM 


BASEL tWE  (LBS ] 


ALl-ELECTRIC  (LBS) 


Hydraulic  Power  Generation 
Hydraulic  Power  Reservoirs 
Hydraulic  Power  Distribution 
Hydraulic  Fluid 
AMAD  Gear  Boxes 
Electric  Power  Generation 
Electric  Power  Conversion 
Electric  Power  Storage 
Electric  Power  Distribution 


Note:  Baseline  data  from  Tables  9,  12,  and  18.  All-Electric  data  from 
Table  25. 
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TABLE  29  SUMMARY  OF  MINIMUM  EQUIPMENT  LEVELS  (MEL)  SHEET  i  OF 


TABLE  29  SUMMARY  Of  MINIMUM  EQUIPMENT  LEVELS  (MEL)  SHEET  3  OF  3 
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have  FBW  flight  control  systems.  fl  typical  set  of  fault  trees  are  shown  in 
Figure  32.  The  detail  fault  trees  are  included  in  Appendix  A. 

Failure  rates  used  as  inruts  to  the  fault  trees  were  derived  from  direct  field 
experience  data,  suppliei  edictions  and  failure  rate  tables  (such  as  RADC’s 
Nonelectronic  Parts  Reliability  Data,  1978)  in  that  order  of  preference.  When 
failure  rates  of  equivalent  components  in  Military  or  commercial  transport 
aircraft  were  used,  the  failure  rates  were  multiplied  by  a  factor  of  two  to 
convert  then  to  the  fighter  failure  rates. 

The  information  thus  obtained,  was  then  entered  as  input  data  to  a  computer 
program.  Simplified  Computer  Evaluation  of  Fault  Trees  (SCEFT),  which  computed 
the  probabilities  of  loss  of  mission  and  loss  of  aircraft  and  thus  provided 
the  relative  reliability  figures  for  the  Easeline  and  All -Electric  Airplanes. 
These  reliability  figures  are  rot  a  comprehensive  set  of  numbers  but  are  just 
to  provide  a  relative  measure  for  evaluating  aircraft  with  the  two  types  of 
actuation  and  secondary  power  systems. 

The  computed  reliability  figures  are  as  follows: 


Ni ssion 

Ai  rcraft 

Success 

Safety 

Basel ine  Airpl ane 

0. 995608 

C.99S866 

A1 1-El ectric  Ai rplane 

0.995289 

0.999864 

The  computer  printouts  are  included  in  appendix  A. 

Kaintainabil ity  Evaluation 

An  assessment  of  the  maintainability  cf  the  actuation  and  secondary  power 
system  was  also  conducted  for  the  Easeline  and  All -Electric  Airplanes.  This 
comparison  was  made  on  the  basis  of  the  hean-Time-Between-Fuil ure  { M TB F )  of 
the  two  airplanes'  actuation  and  secondary  power  systems.  The  design  of  the 
airplanes  was  not  sufficiently  detailed  to  evaluate  the  maintenance- critical 
characteristics  such  as  accessibility  and  mean-time-to-repai r .  The  KTBFs  of 
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MISSION 


Figure  32  Sample  Fault  Trees  (Sheet  1  of  3) 
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the  components  that  were  part  of  both  airplane  systems  were  computed  by  the 
RCA  PRICE  Program.  The  details  of  the  input  data  used  to  obtain  the  HTBFs  for 
the  various  comp  nents  is  discussed  in  Paragraph  5.4.  The  data  obtained  on 
the  individual  components  was  then  combined  to  obtain  the  NTBF  for  the 
actuation  systems  and  secondary  power  systems  for  the  two  airplanes  as  shown 
in  Tables  30  and  31.  The  MTBF  for  the  liquid  loop  system  design  to  provide 
cooling  to  the  EM  actuation  system  controller/  inverters  in  the  All-Electric 
Airplane  was  also  computed  and  is  shown  separately  in  the  table  below.  There 
was  no  comparable  requirement  in  the  Baseline  Airplane. 

MTBF  IN  FLYING  HOURS 


System 

Basel ine 

A1 1-Electric 

Secondary  Power 

57 

102 

Actuation 

139 

53 

Actuation  Cooling 

-- 

331 

Cverall  MTBF 

45 

32 

[he  ability  of  the  airplanes  to  operate  autonomously  is  enhanced  by  the 
capability  to  perform  ground  maintenance  and  system  checks  without  having  to 
run  the  engines.  In  the  Baseline  Airplane  the  power  extraction  from  the 
engines  is  accomplished  via  the  AMADs.  This  arrangement,  allows  a  ground  check 
of  the  secondary  power  system  via  tne  I PU  without  having  tc  run  the  engines. 
For  the  All-Electric  Airplane  the  power  extraction  is  accomplished  via  the 
engine  spinner-mounted  generators.  Here  the  secondary  power  system  checkout 
will  not  include  the  generates  mounted  on  the  engine  spinners.  However,  due 
to  the  cross  switching  capal4’  . available  in  the  electrical  power  system 
all  the  equipment  downstream  from,  the  engine  generators  can  be  checked  out  via 
the  I PU  mounted  generator.  The  generators  selected  for  this  airplane  are 
permanent  magnet  generators.  These  generators  contain  no  rotating  rectifiers 
which  are  the  components  most  likely  to  fail,  thereby  requiring  the  generators 
to  De  checked  out.  Therefore,  the  lack  of  che  ability  to  operate  the  main 
generators  without  running  the  engines  is  not  a.  serious  drawback  for  the  All- 
Eleccric  £  'lane. 


TABLE  30  ACTUATION  SYSTEM  MTBF  SWflARY 
SHEET  1  OF  2 


MTBF  (HRS) 


FLIGHT  CONTROL  ACTUATION  SYSTEM 

BASELINE 

AIL-ELECTRIC 

CANARD 

987 

296 

ELEVONS 

2692 

316 

RUDDER 

2613 

921 

SPOILER 

2692 

624 

LE  FLAPS 

897 

321 

Pkmfiir  ▼  «■•  r”T 
cnuinL  AUL.C.I 

r  »srtr 

3J03 

1  n 

1UJL 

CENTERBODY 

INcET  BYPASS 

2269 

'1369 

DOORS 

TOTALS  258 

71 

UTILITY  ACTUATION  SYSTEMS 


LANDING  SEAR  1705  809 

EXT-RET 

NOSE  GEAR  5390  3792 

STEERING 

MAIN  GEAR  762  934 

BRAKES 

AERIAL  REFUELIN6  3833  2994 

CANOPY  5732  5359 

TOTALS  397  324 
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TABLE  30  ACTUATION  SYSTEM  MTBF  SUMMARY 
SHEET  2  OF  2 


MTBF  (HRS) 


1  AND  ECS  DRIVE 

BASELINE 

ALL-ELECTRIC 

GUN  DRIVE 

2379 

1949 

ECS  BOOST 
COMPRESSOR 

INCL  IN 
AMAD 

1759 

ECS  PACK 
COMPRESSOR 

8234 

4302 

ECS  FAN 

3578 

2013 

TOTALS 

1218 

552 

TOTAL,  ALL 

ACTUATION 

SYSTEMS 

139 

53 

129 


TABLE  31  SECONDARY  POWER  SYSTEM  MTBF  SUMMAPY 
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5.4  Life  Cycle  Cost 


Life  Cycle  Costs  (ICC)  were  estimated  for  the  actuation  systems  and  secondary 
powier  systems  for  both  the  Baseline  Airplane  and  the  All-Electric  Airplane, 
including  costs  for  integration  of  the  systems  with  each  other.  The  LCC 
includes  RDT&E.  Production,  Support  Investment,  and  Operating  aro  Support 
Costs.  The  LCC  plan  for  this  study  is  illustrated  in  Figure  33.  Subsystem 
design  vas  sufficient  to  estimate  weights  and  volume  of  the  individual  Line 
Replaceable  Units  (LRU)  for  input  to  the  cost  model. 

More  detailed  cost  data  would  require  preparation  of  procurement 
specifications  to  obtain  detailed  supplier  cost  estimates.  In  addition,  it 
would  require  an  increase  in  detail  design  to  refine  airplane  provisions  and 
installation  details  of  the  LRUs.  This  level  of  detail  was  considered  to  be 
beyond  the  scope  of  the  Preliminary  Design  nature  of  this  study  and  therefore 
the  cost  model  was  run  at  the  LRU  level. 

The  use  of  LCC,  including  operating  and  support  costs,  is  the  preferred 
approach  for  cost  effectiveness  analysis  in  this  study.  Essentially,  it 
allows  consideration  of  the  trades  between  development  and  production  costs, 
maintainability,  reliability  and  survivability. 

5.4.1  Cost  /ode! 

The  LCC  model  used  in  the  airplane  actuation  trade  study  was  the  RCA  Program 
Review  Of  Information  For  Costing  And  Evaluation  And  Life  Cycle  Cost  Model 
(PRICE  L). 

Some  of  the  basic  program  ground  rules  for  this  study  were  as  follows: 

RCA  -  PRICE  Cost  Model 
RCA  -  PRICE  L  Model 
Prototype  Hardware  10  Units 
Prototype  Spares  5  Units 
Production  Quantity  500,  1000 
Flying  Time  288  Hr s/Year 
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INPUTS  PROCESSOR  OUTPUTS 


Figure  33  Life-Cycle  Cost  (LCC)  Plan 


r 


Ground  Operating  Time  Fraction  0.4 
Operating  Period  15  Yrs 
Airplanes  Per  Squadron  24 
All  Costs  1981  $ 

Cost  elements  included  in  the  model  are  described  below. 

5.4.2  ROT  &  E  Costs 

The  development  cost  element  in  ICC  includes  those  efforts  required  to  develop 
previously  undeveloped  or  partially  developed  component  s/systems .  The  study 
presupposes  that  the  new  technology  items  identified  as  requiring  further 
development  will  have  received  the  required  development  funding  prior  tc  the 


technology  availability  date  (1990)  of  this  airplane.  Therefore,  these  costs 
are  not  included  in  the  P.OT  and  E.  Involved  are:  (1)  the  research  into  what 
is  required,  what  exists,  how  it  will  function,  and  how  it  will  interact  with 
the  system;  (2)  the  design  which  is  the  engineering  required  tc  mechanically 
configure  components;  ar.d  (3)  the  test  and  evaluation  to  npp  that  performance 
meets  the  required  specifications.  Production  non-recurring  tooling  and  test 
equipment  are  part  of  this  effort. 

5.4.3  Production  Costs 

Production  costs  include  the  materials,  labor,  quality  control,  recurring, 
tooling,  planning,  and  program  management  efforts  required  for  making  the 
components/ systems  for  a  given  quantity  buy.  The  production  units  may  be 
produced  inhouse  (make)  or  procured  outside  (buy). 

5.4.4  Support  Investment  Costs 

Support  investment  costs  include  initial  spares,  ground  support  equipment, 
data,  training,  end  other. 

5.4.5  Operating  and  Support  Costs 

Operating  and  support  costs  ’rclude  those  efforts  required  to  operate  and 


I 


maintain  an  airplane/system  throughout  its  operational  life.  Maintenance 
support  costs  are  significant  costs  and  include  the  effort  required  to  repair, 
rework,  and  replace  parts  at  the  operational  level  defined  by  the  government. 


5.4.6  Cost  Estimating  Technique 

The  PRICE  L  cost  model  has  been  used  to  estimate  engineering  development  and 
manufacturing  cost  of  electronic,  electromechanical,  hydraulic,  and  mechanical 
components.  Numerous  estimates  using  the  PRICE  L  cost  model  v«re  made  to 
verify  its  accuracy.  It  was  calibrated,  when  appropriate,  with  vendor  quotes 
or  by  judgment  based  on  historical  data. 

Support  investment  costs  were  estimated  using  the  PRICE  L  cost  model.  These 
costs  include  support  equipment  and  initial  spares  that  were  estimated  based 
upon  the  logistic  concept  consistent  with  a  1990*  time  frame. 


Operating  and  support  costs  were  also  estimated  using  the  PRICE  L  Model.  PRICE 
L  operates  at  the  Line  replaceable  Unit  (LRU)  level  and  provides  an  efficient 
method  for  developing  operating  and  support  costs  at  the  time  of  hardware 
estimation.  PRICE  L  allows  evaluation  of  many  logistic  concepts  in  addition 
to  reliability,  maintainabil ity,  and  weight. 


Figure  34  presents  a  flow  diagram  of  the  inputs  to  the  RCA  PRICE  Model  and 
Figure  35  shows  the  development  and  production  inputs  required  to  calculate 
the  cost  of  an  LRU.  A  compilation  of  ell  the  basic  inputs  that  were  used  in 
the  PRICE  Model  for  this  study  is  included  in  the  Appendix.  Figure  36 
presents  the  inputs  used  for  running  the  PRICE  L  Model.  Table  32  presents  the 
values  calculated  in  the  Cperations  and  Support  Cost  portion  of  the  PRICE  L 
Model.  Table  33  shows  the  LCC  cost  of  a  typical  LRU  in  the  study. 


5.4.7  LCC  Data 


A  sunmary  of  the  LCC  study  results  is  presented  in  Table  34  and  Figure  37. 
The  LCC  savings  of  the  All -Electric  Airplane  over  the  Baseline  are  $13M  for 
5C0  aircraft  and  $23M  for  the  1,000  aircraft  program. 
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PRODUCTION  QUANTITY 
NO.  OF  PROTOTYPES 
UNIT  WEIGHT 


PRODUCTION  START  DATE 
FIRST  ARTICLE  COMPLETE 
PRODUCTION  COMPLETE 
COST  PROCESS  FACTOR 


Title:  Power  Drive  Unlt/Ball  Screw  Act.  -  Canard 


Figure  35  Sample  RCA  PRICE  Model  Input  Data  Sheet 


Figure  36  RCA  PRICE-l  Model  Deployment  File 


TABLE  32  RCA  PRICE-L  MODEL  CALCULATED  0  iS  VALUES 
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LRU+MODUIE  S.E.  FLOOR  SPACE, SQ.FT . [FTSOP)  0.55 

LRU  CHECKOUT  TIME  AT  ORGANIZATION,  HOURS(TC)  0.82 

COST  OF  LRU  CHECKOUT  SET  AT  ORG.,S[CCOU)  18502. 

LRU  CHECKOUT  SET  FLOOR  SPACE ,SQ. FT. ( FTSQC)  0.19 


TABLE  33  RCA  PRICE  LCC  SUMMARY  -  TYPICAL  LRU 


PROGRAM  COST 

DEVELOPMENT 

PRODUCTION 

SUPPORT 

EQUIPMENT 

$2303 

$15496 

*** 

SUPPORT  EQUIPMENT 

*** 

323 

484 

SUPPLY 

**+ 

310 

1243 

SUPPLY  AOMIN. 

kirk 

5 

80 

MANPOWER 

it 'kit 

1994 

CONTRACTOR  SUPPORT 

*** 

0 

OTHER 

0 

*«* 

16 

TOTAL  COST 

$2303 

$16134 

$3817 
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15  YEARS  OF  OPERATIONS 


BASELINE  ALL  ELECTRIC 


Table  25  and  figure  38  present  the  summary  of  actuation  systems  ICC  for  500 
and  1,000  aircraft  and  Tables  36  and  37  present  detail  actuation  system  LCC 
data  for  500  and  1,000  systens  respectively. 

Table  38  and  figure  39  present,  the  summery  of  secondary  power  systems  LCC  for 
500  and  1,000  aircraft  and  Tables  39  and  4C  present  detail  secondary  power 
system  LCC  data  for  5G0  and  1,000  systems  respectively. 

A1  though  the  total  actuation  system,  cost  of  the  All-Electric  Airplane  is 
greater  than  the  Baseline,  the  savings  in  the  All -Electric  secondary  power 
system  make  it  more  cost  effective  overall. 


5.4.8  LCC  Sensitivity 


A  series  of  sensitivities  were  run  to  determine  the  sensitivity  of  the 
engineering  judgments  or  the  inputs  for  an  LR U  in  the  RCA  PR1CF  fodel .  Runs 
were  made  for  a  range  of  Engineering  Complexity,  fanufactur ’ ng  Complexity,  New 


itruciure , 


Electronics 


I'LUU  I 


»*.  1  r>  ♦  nH  a  c  a 

U  I  V/  W  V.  W  W  W  V 


rorront 


change  in  cost. 


Engineering  Complexity  is  used  in  t.he  RCA  PRICE  program  to  scope  the 
development  effort  and  to  develop  the  amount  of  calendar  time  (in  months) 
deemed  necessary  to  complete  the  first  prototype.  Fcr  instance,  a  l.C 
signifies  a  new  design  within  an  established  product  line,  continuation  of  the 
state  of  art,  whereas  a  1.6  signifies  new  design  different  from  estatl  ished 
product  line,  requiring  in-house  development  of  new  electronic  components  or 
materials.  The  effects  of  these  factors  on  RDT  and  E  cost  end  total  LCC  ere 
illustrated  in  figure  40  and  41  respectively.  Some  changes  in  inputs  affect 
all  elements  of  cost,  while  others  affect  only  one  element.  Engineering 
development  complexity  affects  development  cost  as  can  be  seen  in  figure  4C. 
However,  manufacturing  cost  ana  operations  and  support  cost  remain 
approximately  the  same  as  can  be  seen  in  figure  41.  Other  sensitivity  runs 
were  made  on  an  individual  LRU  (the  control! er/ inverter  for  the  candard)  with 
results  as  aistussed  in  the  following  paragraphs.  Figure  42  illustrates  the 
effect  on  LCC  of  a  plus  and  minus  50%  change  in  weight  of  an  LRU  and  Figure  43 
shows  the  effect  on  LCC  of  a  change  in  engineering  conplexity  of  an  LRU. 
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System  LCC  Summary 


15  YEARS  OF'  OPERATIONS 

INCLUDES  INTEGRATION  OF  ACTUATION  SYSTEM  ONLY 


TABLE  39  SECONDARY  POWER  SYSTEM  LCC  DATA  (500  A/C) 
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INCLUDES  INTEGRATION  OF  SECONDARY  POWER  SYSTEM  ONLY 
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15  YEARS  OF  OPERATIONS 

INCLUDES  INTEGRATION  OF  SECONDARY  POWER  SYSTEM  ONLY 


f  Overc.ll  RDT&E  Costs  to  Engineering  Complexity 


Sensitivity  of  Overall  LCC  to  Engineering  Complexity 
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Figure  43  Sensit 


Manufacturi ng  Complexity  of  structure  is  usually  ar  emperically  derived  value 
that  represents  the  product's  producibil  ity.  For  instance,  for  an  alumnun 
machined  part  a  factor  of  6.31  is  used  and  for  a  i  aluminum  forging  a  5.77  is 
used.  This  factor  defines  the  material,  finished  density,  and  fabrication 
methods.  Manufacturing  complexity  of  electronics  is  a  complexity  factor  which 
is  a  function  of  its  components,  packaging  density,  manufacturi ng ,  testing, 
and  power  dissipation.  For  instance,  a  cower  supply  composed  of  discrete 
components  is  assigned  a  fact  -  ov  6.941  and  an  LSI  a  factor  of  7.368. 
Manufacturing  Complexity  Factors,  as  can  be  seen  ir  Figure  44  and  45.  affect 
LCC  cost  both  fur  structural  and  el  :ctrical  hardware,  These  figures  show  that 
cost  growth  for  complexity  is  steeper  for  electronics  than  structural  hardware. 

New  Structure  and  New  Electronics  defines  the  degree  of  new  design  required 
for  the  structure  or  electronics  assembly  that  is  unique.  A  factor  of  C.l 
indicates  that  1C%  of  the  drawings  are  new.  New  Structure  and  New  Electronics 
values  only  affect  the  development  cost,  as  can  be  seen  in  figure  46  end  47. 

The  precen'.age  of  new  structures  and  electronics  does  not  affect  the 
production  and  life  cycle  cost. 

Electronic  and  structural  ncxt-higher-assembly-integrai :on  cost  factors  have 
no  effect  cn  LRU  LCC  cost. 

r  ■ .  _CC  sensitivities  could  have  been  run  for  the  schedule  factor  bu*  the 
-  was  assigned  prior  to  the  accomplishment  of  "'base  I  and  the  schedule 
defined  as  1990.  The  physical  en  nannienc  was  also  defined  end  no 
re  ty  vs  LCC  sensiuivitifcs  were  pe~fortnea. 

5.6  Structure!  Integration 

from  a  structural  integration  point  of  view  the  EM  actuators  may  pro 'ice  an 
advantage  over  the  hydraulic  actuators.  This  is  because  in  most  cases  the 
most  optimum  method  of  actuation  in  hydraul  ic  cases  is  usually  the  linear 
piston  actuators.  However,  this  may  require  out-of-contour  fairings,  or  bell- 
crank  mechanisms  to  couple  to  the  surface  being  driven.  In  the  case  of  EM 
actuation,  hingeline  actuators  can  be  designed  to  *it  within  the  wing 
surfaces.  Also  in  the  power  extraction  scheme  '..f' 11  zed  in  the  Baseline 


155 


Figure  45  Effect  of  Electronic  Circuit  Design  on  LRU  LCC 


figure  46  Sensitivity  of  LRU  RDT4E  Costs  to  New  Structure  Ratio 


Kiyurt*  47  Sensitivity  of  LRU  RDT&E  Costs  to  Now  Electronics  Ratio 


Airplane  via  power  take-off  shafts  driving  AKADs,  the  location  of  the  a D 
near  the  engines  is  desirable.  This  may  be  in  an  area  where  the  fuel  tank 
would  need  to  be  located  for  center  of  gravity  adjustments  during  various 
phases  of  the  flight.  Also  the  structure  has  to  be  strengtheneo  to  support 
the  AKAD  hardware.  In  tne  case  of  the  All-Electric  Airplane,  the  power 
extraction  is  done  electrically  via  a  starter/grnerator  which  also  performs 
the  engine  start  function.  The  power  conditioning  equipment  may  be  located 
where  it  will  not  interfere  with  the  placement  of  the  fuel  tanks, 

5,6  Growth 


An  evaluation  of  the  growth  capabilities  cf  the  actuation  and  secondary  power 
systems  of  the  Baseline  and  All-Electric  Airplanes  was  conducted.  The  basic 
design  philosophy  utilized  in  the  si2ing  of  hydraulic  actuators  is  to  meet  the 
specific  requirements  of  the  surface  actuation.  The  piston  cross  section  and 
stroke  is  sized  for  maximum  load/stroke  characteristics. 

in  the  tP  actuation  systems  the  drive  power  is  provided  by  tm-to 
permanent-magnet  motors.  The  design  of  the  motor  is  b(  :ed  on  the  average 
load.  The  motor  can  be  driven  to  produce  power  levels  above  the  capability  of 
tne  average  rating  for  short  durations.  The  limiting  factor  is  the  heat 
generated  under  the  various  operating  conditions.  The  motor  windings  should 
not  be  allowed  to  exceed  a  temperature  which  could  damage  the  stator  windings. 
This  capability  allows  the  EP  actuation  to  satisfy  additional  peak  load 
demands  as  long  as  the  duration  is  compatible. 

Hydraulic  power  systems  are  designed  to  meet  military  specifications  such  as 
IL -H -5440 .  for  example,  the  recuirements  for  selection  of  eng  i^e-cri ver 
hydraulic  p'mps  states  that  "a  sufficient  number  of  engine-driven  pumps  shall 
be  provided  to  assure  operation  of  control  surface  boost  or  power  systems...  ." 
Thus  the  sizing  of  the  system  is  to  assure  that  the  basic  requi rements  are 
met.  If  additional  load  growth  occurs,  the  system  would  have  to  be  resized. 

Cn  the  other  hand  the  sizing  criteria  for  electrical  power  systems  as 
specified  in  NIL-E -25499  states  that  "...  the  aircraft  shall  have  a 
multigenerator  primary  electrical  system  which  has  a  maximum  continuous  kVA 
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capacity  of  at  least  twice  the  maximum  continuous  electrical  load  of  the 
initial  production  aircraft."  This  sizing  criteria  allows  for  load  growth 
capability  in  the  electrical  power  system  on  both  the  Baseline  and  the  All- 
Electric  Airplanes.  Oue  to  the  higher  capacity  generators  on  the  All-Electric 
airplane,  additional  capability  is  available  for  short  durations. 

5 . 7  Survi vabi 1 ity/Vulnerabi 1 ity 

Survivability  is  assessed  by  examining  the  ability  of  the  airplanes  to  safely 
withstand  the  following: 

-  Enemy  action  (combat  survivability) 

-  All  engines  out 

-  Natural  or  induced  en\  ronmental  extremes 

-  Cnboard  system  failures- 

-  h'aintenance  errors 

-  Plight  crew  inaction  or  error 

Although  lightning  is  usually  considered  part  of  the  "natural  environment," 
this  important  subject  is  treated  separately,  along  with  electromagnetic 
compatibility,  in  paragraph  E.3. 

The  integrity  cf  either  aircraft  is  highly  dependent  or  ts  powered  actuation 
systems,  especially  those  associated  with  th  ■  primary  flight  controls.  A 
qualitative  evaluation  was  made  of  the  relative  survivability  of  the  Baseline 
Airplane  versus  the  All-Electric  Airplane  with  respect  to  their 
invulnerability  to  the  factors  listed  above. 

5,7,1  Combat  Sur/ivabil  ity 


Techniaues  developed  for  enhancing  electrical  and  hydraulic  system 
invulnerability  to  enemy  action  fall  into  three  main  categories  as  follows: 


(1)  Design  techniques  for  minimizing  exposure  so  as  to  minimize  the 
probafcil  ity  of  a  hit 

-  Avoidance  of  high  susceptibility  areas 

-  'Jse  of  shielded  locations 

-  Concentration  and  protection  of  critical  components 

-  Miniaturization  of  components 

-  Use  of  armor  systems 

(2)  Damage  resistant  design  techniques  which  minimize  loss  of  function  due  to 
a  hit 

-  Ballistic  resistant  materials  and  designs 

-  Fire/heat  resistant  materials 

(3)  Damage  tolerant  design  techniques 

-  Redundancy 

-  Physical  separation  of  redundant  systems 

Additional  techniques  that  apply  only  to  hydraulic  systems  arc: 

-  Frangible  actuators 

-  Actuator  return  -  pressure  relief  devices 

-  Use  of  overboard  drains 

-  Leakage  protection  devices  such  as  hydraulic  fuses  and  circuit  breakers, 
isolation  valves,  reservoir  level  sensing  and  isolation  circuits,  and 
discriminating  switching  valves 

-  Reservoir  considerations  such  as  location,  separation,  and 
pressuri zation 

Survivability  of  either  airplane  depends  to  a  large  degree  on  the 
invulnerability  of  critical  systems  to  enemy  action.  In  the  Basel ’ne  this 
includes  not  only  the  actuation  portion  of  the  system,  but  also  the  hydraulic 
power  supply  to  the  system  and  the  fly-by-wire  electrical  elements  associated 
with  the  system.  In  the  All-Electric  Airplane,  the  vulnerability  of  critical 
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systems  is  increased  due  to  the  added  .ontroller/inverters  end  associated 
cooling  systems.  Cn  the  other  hand  the  wires  supplying  power  to  the  actuation 
systems  are  slightly  less  vulnerable  than  the  comparable  hydraulic  lines  in 
the  Easeline  Airplane  due  to  their  unaller  si2e.  Overall,  the  All-Electric 
Airplane  will  require  that  emphasis  be  placed  on  the  location  and  installation 
of  the  inverters  and  their  cooling  systems  during  the  airplane  design  to 
insure  the  required  level  of  survivabil ity  is  achieved. 

5.7.2  Non-Combat  Survivability 

The  hydraulic  systems  on  the  Baseline  Airplane  of  the  1590‘s  should  be 
comparable  to  hydraulic  systems  on  current  military  aircraft  relative  to  their 
high  invulnerability  to  natural  environments,  onboard  failures  cf  other 
systems  and  equipment,  maintenance  error,  and  pilot  and  flight  crew  inaction 
and  error.  f-'ethods  of  preventing  failure  of  more  than  one  hydraulic  or 
electric  power  system  due  to  other  failures,  including  engine  or  tire  bursts, 
and  for  preventing  maintenance  and  other  human  errors  are  highl>  developed. 

Invulnerability  to  induced  environments  should  be  somewhat  better  than  current 
aircraft  with  eng ine-dri ven  hydraulic  pumps  mounted  directly  on  engine- mounted 
accessory  gearboxes.  The  use  of  airframe-mounted  accessory-dri; e  (MAD) 
gearboxes  removes  hydraulic  pumps,  valves,  tubing,  and  hose  from  the  high 
noise,  vibration,  and  temperature  environment  of  the  engine  compartment.  The 
use  of  the  higher  (5,COO-p$i)  system  pressure  should  not  introduce  much  of  a 
problem  for  1990-time  period  aircraft.  There  ’s  a  good  backlog  of  successful 
operation  of  aircraft  system  operation  at  4.CCC  psi ,  and  many  industri  J 
systems  operate  at.  5,000  psi.  The  Navy- sponsored  testing  at  8,00C  psi  has 
been  quite  successful;  and,  it  is  predicted  that  development  of  A.CCC  and 
5,000-psi  systems  for  Air  Force  aircraft  applications  will  be  accelerated. 

The  electrical  systems  on  both  the  Baseline  and  All-Electric  Airplanes  must  be 
designed  to  be  invulnerable  to  natural  environments,  onboard  failures  of  other 
systems  and  equipment,  maintenance  error,  and  pilot  and  flight  crew  inaction 
and  error  because  they  supply  the  conti ol  and  monitoring  power  to  the 
fly-by-wire  systems.  In  addition,  the  electrical  system  or.  the  />1 1 -Electric 
Airplane  must  supply  all  actuation  power  to  a  level  of  redundancy  comparable 


to  the  fly-ty-wire  requirement.  However,  the  limits  on  power  interruptions 
are  rot  as  stringent  for  actuation  power  as  they  are  for  fly-by-wire  power. 

The  redundant  actuators  for  primary  controls  on  both  airplanes  are  separated 
as  much  as  possible.  The  hydraulic  actuators  on  the  Baseline  Airplane  are 
more  jam  tolerant  while  the  EM  actuators  on  the  All-Electric  Airplane  are 
susceptible  to  a  catastrophic  jam  in  the  gearing. 

Either  the  Baseline  or  the  A1 1-Electric  Airplane  of  the  1 990 * s  should  be 
better  able  to  maintain  attitude  control  with  all  engines  out  than  current 
aircraft.  Upon  loss  of  engine  power,  the  LCX/JP-4  integrated  power  unit  (H  !) 
can  be  brought  up  to  speed  in  a  matter  of  seconds  (before  the  engines  spool 
down)  to  supply  the  hydraulic  and/or  electrical  power  requirements.  This  is 
an  important  feature  for  an  el ectr’c-command  f ul ly-powered-fl  ight-control- 
system  airplane,  especially  with  the  high-bvoass-rai  io  engines  of  the  '  ‘nre 
which  are  expected  to  have  poor  windmilling  power  capability. 

In  tne  1990+  time  frame,  both  the  Baseline  and  the  All-Electric  Airplane  will 
be  fly-by-wire  airplanes  and  will  impose  the  same. sigra i-level  power 
requirements  cn  the  electrical  power  system  in  terns  of  redundancy  and 
uninterruptible  power.  This  is  reflected  ir.  the  two  electrical  power  system 
schematic  diagrams.  Figures  16  and  ?8,  where  the  -light  Critical  Electronics 
(rCE)  buses  provide  uninterruptible  power  while  the  three  28V  DC  buses  and  the 
battery  provide  the  redundant  power  sources.  All  loaas  supplied  by  these 
buses  are  signal  level  or  low  power  requirements. 

The  high  power  actuation  loads  are  supplied  by  the  triple  hydraulic  system  in 
the  Baseline  Airplane  and  by  the  triple  27CV  DC  bus  system  in  the  All-Electric 
Airplane.  The  third  power  source  in  the  A1  l-F.  I  ectric  Airplane  is  the  f  1  ight- 
operable  IP U  generator  which  is  started  up  whenever  either  main  engine  driven 
generator  channel  fails,  lherefore.  the  loss  of  a  single  power  source  or  any 
plausible  single  equipnent  failur'  ill  not  result  in  permanent  degradation  of 
flight  control  system  performance  below  FC5.  Operational  State  1,  or  temporary 
degradation  below  FCS  Operational  State  II. 
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5.8  EMC/Lightninq 

The  electrical  power  systems,  digital  systems,  and  electrical  utilization 
subsystems  for  the  two  airplanes,  and  the  electromechanical  actuatcrs  for  the 
All-Electric  Airplane  are  designed  to  achieve  EMC  within  the  operating 
environments  using  the  design  guidelines  of  MIL-E-60510,  MIL-B-5087B, 

MIL -STD-461,  and  AFSC  DH1-4. 

5.8.1  EMC 

A  good  equipment  EMC  design  approach  encompasses  the  whole  compatibility 
problem  from  the  circuit  design  concepts  through  the  deliverable  article.  The 
objective  is  the  marriage  of  complex  circuits  and  equipment  into  a  compatible 
system  which  operates  within  performance  specifications  in  the  specified 
env ironment . 

Attention  is  given  to  the  sources  of  noise  generation  within  any  equipment, 
mis  includes  equipment  designed  for  intentional  radiation  as  well  as  that  not 
specifically  designed  for  radiation.  Radio  and  radar  transmitters  may  contain 
spurious  oscillations,  harmonics,  oscillators,  or  products  of  these 
frequencies.  Unintentional  transmissions  may  result  from  broadband  energy 
generation  such  as  switching  transients,  commutation,  rectifier  and  diode 
noise,  and  fast  rise  time  waveforms.  These  unintentional  transmitters  can 
create  very  broad  spectrums  of  high  frequency  components  by  a  rapid  change  in 
voltage  and/or  energy  level.  A  rapid  change  of  one  volt  is  easily  sufficient 
to  cause  failure  in  meeting  MI L -STD-46 1  EMI  generation  limits. 

Equal  attention  is  given  the  EMC  environment.  Circuits  and  equipment  may  be 
susceptible  to  interfering  signals  from  the  external  electromagnetic  field 
surrounding  the  installed  equipment,  signal  input  or  output  wiring,  power 
supply  wiring,  or  electromechanical  systems. 

In  evaluating  EMC  for  this  trade  study,  the  major  variable  element  between  the 
two  airplanes  is  the  addition  of  power-by-wi re  actuators  and  associated  wiring 
on  the  All-Electric  Airplane.  Extra  attention  is  given  to  these  items  since 
electromechanical  actuators  using  solid-state  switching  for  external 
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commutation  of  the  drive  motors  generate  EMl  noise  that  must  be  contained 
within  the  motor  controllers  to  prevent  conducted  noise  from  interfering  with 
operation  of  other  power  utilization  equipment  on  the  same  bus,  and  to  prevent 
radiation  to  nearby  signal  and  control  wires.  In  the  electrical  power 
generation  systems  the  output  rectifier/voltage  regulator  network  of  a 
permanent- magnet  bru<Mess  DC  generator  and  the  cycloconverter  in  the  VSCF 
system  are  both  inht  ntly  ENI  generators.  Hovever,  since  this  has  long  been 
recognized,  the  designs  of  these  devices  include  adequate  shielding  and 
filtering  to  contain  the  noise  within  the  generator/ converter  assembly. 

5.8.2  Lightning  Protection 

The  interaction  of  lightning  with  an  aircraft,  either  by  direct  stride  or 
near-miss,  induces  electrical  transients  into  the  aircraft  circuitry. 

Mlitary  aircraft  of  the  1990's  will  contain  significant  amounts  of  composite 
structure  with  poor  electrical  conductivity.  In  addition,  the  advanced 
electrical  power  and  fly-by-wire  systems  used  in  these  aircraft  contain  many 
solid  state  components .  The  combi  nation  of  the  two  (reduced  inherent 
shielding  effectiveness  of  nonmetallic  materials  coupled  with  circuit 
components  that  have  lower  tolerance  to  electrical  transients),  presents 
design  problems  in  both  the  Baseline  and  All-Electric  Airplanes.  The  problem 
is  Intensified  in  the  All-Electric  case  due  simply  to  the  added  number  of 
electrical  circuits  and  wires. 

Lightning  induced  transients  present  a  hazard  to  electrical  and  electronic 
systems  that  is  met  by  providing  an  adeouate  protection  system.  The 
occurrence  of  several  direct  lightning  strikes  plus  many  near-misscs  to  a 
given  aircraft  during  its  service  life  is  a  certainty.  A  direct  strike  to  an 
electrical  circuit  can  result  in  considerable  physical  damage  to  the  wiring  as 
well  as  to  circuit  components  attached  to  the  wires.  If  the  circuit  is  not 
struck  directly,  it  will  still  have  potentially  damaging  transient  levels 
induced  by  magnetic  coupling  to  the  lightning  currents  flowing  through  the 
aircraft  structure.  These  induced  transients  can  have  sufficient  energy  to 
damage  or  at  least  upset  solid  state  components. 

The  mechanism  whereby  lightning  currents  induce  voltages  in  aircraft 
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electrical  circuits  is  as  follows.  As  lightning  current  flows  through  an 
aircraft,  strong  magnetic  fields,  which  surround  the  conducting  aircraft  and 
chonge  rapidly  in  accordance  with  the  fast-changing  lightning-stroke  currents, 
ara  produced.  Some  of  this  magnetic  flux  may  leak  inside  the  aircraft  through 
apertures  such  as  windows,  radcmes ,  canopies,  seams,  and  joints.  Other  fields 
may  arise  inside  the  aircraft  when  lightning  current  diffuses  to  the  inside 
surfaces  of  skins.  In  either  case  these  internal  fields  pass  through  aircraft 
electrical  circuits  and  induce  voltages  in  them  proportional  to  the  rate  of 
change  of  the  magnetic  field.  These  magnetically  Induced  voltages  may  appear 
between  both  wires  of  a  two-wire  circuit,  or  between  either  wire  and  the 
airframe.  The  former  are  referred  to  as  line-to-line  voltages  and  the  latter 
as  comnon-mode  voltages. 

In  addition  tu  these  induced  voltages,  there  may  be  resistive  voltage  drops 
along  the  airframe  as  lightning  current  flows  through  it.  If  any  part  of  an 
aircraft  circuit  is  connected  anywhere  to  the  airframe,  these  voltage  drops 
may  appear  between  circuit  wires  and  the  airframe.  For  metallic  aircraft  made 
of  highly  conductive  aluninun,  these  voltages  are  seldom  significant  except 
when  the  lightning  current  must  flow  through  resistive  joints  or  hinges. 
However,  the  resistance  of  titanium  is  10  times  that  of  aluminum,  so  the 
resistive  voltages  in  future  aircraft  employing  these  materials  may  be  itch 
higher. 

Upset  or  damage  of  electrical  equipment  by  these  induced  voltages  is  defined 
as  an  indirect  effect.  It  is  apparent  that  indirect  effects  must  be 
considered  along  with  direct  effects  in  assessing  the  vulnerability  of 
aircraft  electrical  and  electronics  systems.  Host  aircraft  electrical  systems 
are  well  protected  against  direct  effects  but  not  so  well  against  indirect 
effects . 

Until  the  advent  of  solid  state  electronics  in  aircraft,  indirect  effects  from 
external  environments,  such  as  lightning  and  precipitation  static,  were  not 
much  of  a  problem  and  received  relatively  little  attention.  No  airworthiness 
criteria  are  available  for  this  environment.  There  is  increasing  evidence, 
however,  of  troublesome  indirect  effects.  Incidents  cf  upset  or  damage  to 
avionic  cr  electrical  systems,  for  example,  without  evidence  of  any  direct 
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attachment  of  the  lightning  flash  to  an  electrical  component  are  showing  up  in 
lightning-strike  reports. 

While  the  indirect  effects  are  not  presently  a  major  safety  hazard,  aircraft 
design  and  operations  in  the  1950+  time  frame  could  increase  the  potential 
problem  due  to  the  following: 

o  Increasing  use  of  plastic  or  composite  skin 

o  Further  miniaturi zation  of  solid  state  electronics 

o  Greater  dependence  on  electronics  to  perform  flight-critical  functions 

Design  of  protective  measures  against  indirect  effects  are  being  developed 
under  'JSAF  contract  F33615- 79-C-2006  (Reference  8). 

5.8.2  Wire  Routing  for  Lightning  Protection 


The  primary  reason  for  optimizing  wire  routing  is  to  reduce  the  amount  of 
electromagnetic  flux  coupled  onto  the  conductors  and  therefore  wiring  is 
located  as  close  as  possible  to  the  ground  plane  or  structural  frame.  Exposed 
wiring  (e.g.,  wires  underneath  a  leading  edge  of  a  poorly  conducting 
material)  is  routed  close  to  the  metal  structure.  The  amount  of  flux  that  is 
coupled  to  a  wire  is  proportional  to  the  distance  separating  the  two 
conducting  mediums.  Wiring  is  located  away  from  apertures  (e.g.,  windows)  and 
regions  where  the  radius  of  curvature  of  the  airplane  frame  cr  outer  skin  is 
the  smallest.  In  particular,  wiring  is  not  routed  across  obvious  slots  (e.g-, 
access  doors).  Where  full  shielding  is  required,  the  cable  is  routed  in  an 
enclosed  channel.  Structural  returns  for  exposed  power  wiring  are  avoided. 


The  primary  threat  to  equipment  is  the  conducted  threat  delivered  to  the 
equipment  by: 

a.  Exposed  interconnecting  wiring,  or 

b.  Interconnecting  wiring  attached  to  an  exposed  element  (e.g., 
windshield  heater  circuit). 

The  only  potential  threat  which  depends  upon  the  fields  in  the  vicinity  of  the 
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equipment  is  E-field  coupling,  i.e.,  nearby  electric  fields  may  induce  a 
voltage  upon  the  wiring  terminating  in  a  poorly-grounded  case.  In  order  of 
priority  then,  the  rules  for  equipment  placement  are: 

a.  Equipment  located  to  minimize  exposure  of  interconnecting  wiring. 

b.  Equipment  located  in  areas  v.h i c h  are  shielded  from  electric  fields 
induced  by  lightning;  case  well  grounded  to  structure  to  minimize  the 
E-field  coupling. 

5.8.4  Power  Equipment  Protection 

At  the  present  time,  there  are  no  power  system  requirements  governing  the 
suppression  of  lightning  induced  transients  in  the  kilovolt  range.  If  new 
specifications  are  imposed  requiring  the  equipment  to  withstand  the  lightning 
induced  transients  presently  observed,  filtering  or  shielding  of  individual 
equipment  would  produce  additional  weight  and  cost  problems  in  the  overall 
airplane  design.  However,  by  increasing  the  transient  suppression  requirement 
in  individual  equipment  from  the  present  military  specification  of  60C  volts 
to  6000  volts,  the  loss  in  electromagnetic  protection  from  the  usage  of 
graphite  composite  materials  would  be  less  critical.  A  more  viable  solution 
is  to  either  prevent  the  transient  from  being  coupled  on  to  the  power  feeders 
or  to  suppress  the  transient  so  it  does  not  appear  at  the  main  power  buses. 
Preventing  the  transient  from  appearing  on  the  buses  allows  the  use  of 
equipment  designed  to  the  existing  power  quality  standards,  fethods  to  limit 
the  lightning  induced  transients  to  levels  below  existing  power  quality 
standards  are  being  developed  (Reference  8).  These  methods  include  wire 
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shieldingv  the  use  of  TransZorbs  ,  varistors,  zener  diodes,  filters,  and 
surge  arrestors,  and  the  use  of  conductive  coatings. 

5.8.5  Airplane  Comparison 

Both  airplanes  are  fly-by-wire  and  therefore  require  that  particular  attention 
be  given  to  the  electromagnetic  compatibility  and  lightning  protection  of 
circuits  and  equipment  associated  with  safety-of- fl ight .  However,  due  to  the 
additional  electromechanical  actuators  and  electronic  controllers, 
considerably  more  design  analysis  and  testing  is  required  in  the  All-Electric 
Airplane  to  insure  safety  under  all  operating  conditions  and  logical  failure 
modes . 
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In  evaluating  EMC  for  this  trade  study,  the  major  variable  element  between  the 
two  airplanes  is  the  additior  of  power-by-wire  actuators  and  associated  wiring 
on  the  All-Electric  Airplane.  Extra  attention  must  be  given  to  these  items 
since  electromechanical  actuators  using  solid-state  switching  for  external 
commutation  of  the  drive  motors  generate  EM  noise  that  must  be  contained 
within  the  motor  controller  to  prevent  conducted  noise  from  interfering  with 
opc-ration  of  other  power  util  Nation  equipment  on  the  same  bus,  and  to  prevent 
radiation  to  nearby  signal  and  control  wires.  In  the  electrical  power 
generation  systems  the  output  rectifier/voltage  regulator  network  of  a 
permanent  magnet  brushless  DC  generator  and  the  cycloconverter  in  the  VSCF 
system  are  both  inherently  EM  generators.  However,  since  this  has  long  been 
recognized,  the  designs  of  these  devices  include  adequate  shielding  ar.d 
filtef'ing  to  contain  the  noise  within  the  generator/ converter  assembly. 

5.9  Environmental  Constraints 

Equipment  on  both  the  Baseline  and  the  All-Electric  Airplanes  will  have  to  be 
designed  to  withstand  and  operate  satisfactorily  in  the  following 
environmental  conditions: 

a.  Temperature 

b.  Altitude 

c.  Humidity 

d.  Sal t  Spray 

e.  Sand  and  Oust 

f.  Fungus 

g.  Thermal  Shoc< 

h.  Vibration 

i.  Mechanical  Shock 


Hydraulic  Systems 

Hydraulic  systems  and  components  have  been  designed  to  withstand  end  function 
under  such  envi rerments  for  years.  The  one  parameter  which  gives  most  concern 
is  high  temperature.  High  temperatures ,  due  to  supersonic  flight  or  due  to 
the  use  of  hydraulic  actuation  of  engine  control  functions  such  as  variable- 


geometry  inlets  and  exit  nozzles,  may  require  special  fluids  and  seal 
materials  which  will  not  break  down  due  to  sustained  thermal  exposure.  Many 
supersonic  aircraft,  such  as  the  F-lll,  F-J.4,  F-15,  F-16,  F-18,  and  6-1,  use 
standard  petroleum  fluid  per  MIL-H-5606  and  standard  Buna-N  nitrile  0-ring 
seals.  Other  airc.aft,  such  as  the  B-58,  B-70,  and  Concorde  SST,  were 
designed  for  use  with  silicate  ester  fluids  and  either  special  neoprene 
elastomer  seals  or  all-metal  seals  (B-70).  The  hach-3  SR -71  uses  a  synthetic 
hydrocarbon  with  all-metal  seals;  and,  the  X-2CA  (Dyna  Soar)  controllcd- 
reentry  manned  orbital  space  vehicle  was  also  designed  with  that  fluid  and 
with  a  combination  of  metal  seals  and  high-temperature  elastomeric  seals.  The 
engine-control  hydraulic  system  on  the  B-70  was  designed  with  a  chlorinated 
silicone  fluid  and  operated  at  some  600  °F  fluid  temperature. 

One  distinct  advantage  of  distributed  hydraulic  systems  is  that  they  ere 
easily  cooled.  The  fluid  return  lines  can  be  circulated  through  fuel  tanks  to 
conduct  their  heat  load  to  the  lower  temperature  fuel,  or  through  fuel-to-oil 
heat  exchangers  to  take  advantage  of  the  higher  thermal  film  coefficients 
caused  by  the  flow  of  fuel  to  the  engines. 

Electrical  Systems 

Electrical  power  generation  and  distribution  systems  have  been  designed  to 
withstand  and  operate  in  aircraft,  envi rorments  such  as  listed  above. 

Electronic  equipment  items  have  to  be  provided  with  adequate  cooling  to 
maintain  internal  temperatures  at  which  the  reliability  of  the  semiconductors 
are  not  impacted.  Certain  precautions  are  also  necessary  to  locate  equipment 
in  areas  where  it  will  not  be  exposed  to  extremes  of  the  above  listed 
environments.  During  the  design  of  the  aircraft,  adequate  consideration  has 
to  be  given  to  location  of  sensitive  electronic  equipment  in  areas  where 
ambient  conditions  will  subject  the  equipment  to  a  minimum  of  environmental 
extremes . 

In  an  All-Electric  aircraft,  the  Eh1  actuators  will  be  located  in  areas  which 
will  be  at  one  or  more  of  the  envirormental  extremes  listed  above.  An  example 
of  this  is  the  location  of  EM  actuators  in  the  leading  and  trailing  edge 
surfaces  of  the  wings.  Here  the  actuators  are  subjected  to  the  temperature 


extremes  (especially  high  temperatures  at  supersonic  cruise  conditions).  The 
worst  case  temperature  in  the  leading  edge  is  2/5°F  at  the  upper  surface.  The 
EM  actuators  must  be  designed  to  withstand  and  operate  at  these  temperatures. 
Temperatures  in  excess  of  these  values  may  require  that  additional  cooling  be 
supplied.  Other  environments  such  as  salt  spray,  sand  and  dust,  vibration  and 
shock  extremes  will  also  impact  the  design  of  the  EM  actuators.  Although 
these  environments  will  impact  the  design  of  the  EM  actuators,  none  of  them 
are  too  severe  to  preclude  the  use  of  EM  actuation. 

5 . 10  Technology  Risk 

The  Baseline  Airplane  secondary  power  generation  system  is  similar  to  that 
proposed  for  the  Boeing  supersonic  transport  and  later  incorporated  in  the  B-l 
and  F-15  aircraft.  The  airframe-mounted  accessory-drive  (AMAD)  gearboxes  are 
well-proven  designs  which  provide  a  great  deal  of  operational  capability. 

They  allow  hydraulic  and  electric  system  checkout  and  operation  on  the  ground 
without  operation  of  the  main  engines.  The  integrated  power  unit  can  drive 
all  of  the  hydraulic  pumps  and  generators. 

The  LOX/JP-4  integrated  power  unit  (IPU)  allows  fast  engine  starts  both  on  the 
ground  and  in  flight  at  any  altitude.  It  is  currently  under  development  by 
the  AFUAL  Aero  Propulsion  Laboratory,  Aerospace  Power  Division,  Power  System 
Branch.  It  combines  the  performance  of  a  bipropellant  turbine  power  unit  with 
a  conventional  gas  turbine  APU  and  should  be  sufficiency  developed  for 
aircraft  use  by  1985. 

The  hydraulic  system  pumps  and  other  components  are  all  based  upon  proven 
technology.  Several  aircraft  hydraulic  systems  have  been  put  into  production 
with  4,000-psi  operating  pressures,  and  many  industrial  equipments  use 
5,000-psi  systems.  The  use  of  15V-3Cr-3Sn-3Al  titanium  alloy  for  hydraulic 
tubing  has  yet  to  be  proven.  It  has  an  ultimate  tensile  strength  of 
200,000  psi  compared  to  125,000  psi  for  the  3A1-2.5V  cold-worked  titanium 
alloy  currently  in  use,  and  offers  a  37.5%  reduction  in  dry  weight  in  the 
larger  sizes.  In  the  smaller  sizes,  3/16  and  1/4-inch  diameter,  the  same  wall 
gage  (0.016  inch)  as  would  be  used  with  the  3A1-2.5V  tubing  was  assumed. 
Although  the  l5V-3Cr-3Sn-2Al  alloy  has  yet  to  be  applied  to  hydraulic  tubing, 


its  physical  properties  appear  compatible  to  that  application;  and,  it  is 
considered  to  be  the  material  of  the  future. 


The  hydraulic  actuation  systems  are  all  based  upon  proven  actuator,  hydraulic 
motor,  and  electrohydraul ic  servovalve  designs.  The  only  unique  features  are 
the  use  of  valves  to  sequence  the  canard  ram  actuators  and  eleven  ram 
actuators  in  stages  depending  upon  the  imposed  aerodynamic  hinge-moment  load, 
and  the  use  of  digitally-controlled  externally-commutated  hydraulic  motors 
operating  through  a  torque-sunmi ng  gearbox  for  the  rudder.  These  are  two 
types  of  load-adapti ve  actuation  system  arrangements  being  investigated  by  the 
Boeing  Military  Airplane  Company. 

El ectroincchanical  actuator  designs  for  the  All -Electric  Airplane  include  light¬ 
weight  low-torque  high-speed  electric  motors  along  with  high-ratio  speed 
reducing  gearboxes  and  ball  screws.  The  electric  motors  require  high  energy 
produt..  Sm-Co  permanent  magnets.  The  availability  of  magnets  with  large 
energy  product:  (22  to  30  megagaussoersted) at  reduced  cost  and  increased 
vol  une  will  be  necessary.  Increasing  motor  speeds  will  result  in  reduced 
motor  sire  and  weigbc  for  a  fixed  power  requirement,  motors  used  in  this 
study  were  in  the  range  of  18,000  to  25,000  rpm.  While  motor  speed  is  not 
limited  by  existing  technology  (units  in  excess  of  100,000  rpm  have  been 
built),  there  is  certain  risk  associated  with  the  motor  and  gear  train 
technology,  especially  when  the  actuator  is  to  be  utilized  for  random  duty 
cycle  applications  such  as  for  primary  flight  controls.  The  gearboxes  can  be 
jammed  ciue  to  loss  of  1  ub-i  cant ,  gear  wear,  bearing  wear,  gelling  failure, 
fretting  corrosion,  or  tooth  breakage.  Improvements  are  needed  in  gearbox 
design  and  overall  acutation  efficiency. 

Electromechanical  actuators  of  this  type  are  being  used  on  the  Air  Force/ 

Boeing  AG*  86A  (Air  Launched  Cruise  fissile)  for  the  fin  control.  Electro¬ 
mechanical  actuators  were  also  used  on  the  Compass  Cope  remotely  piloted 
aircraft.  However,  these  were  low  horsepower  units. 

The  equipment  used  for  electrical  power  generation  in  both  the  8aseline  and 
All-Electric  Airplane  is  based  on  recently  developed  technology.  The  6C  and 
150  kVA  permanent  magnet  starter/generators  have  been  built  or  are  in  the 
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development  stage  under  programs  being  conducted  by  the  AFWAL  Aero  Propulsion 
Laboratory-  A  flight  test  of  a  60  kVA  starter/generator  in  conjunction  v,i t h  a 
Variable  Speed  Constant  Frequency  (VSCF)  system  is  planned  for  the  near 
future.  The  Baseline  Airplane  power  conditioning  and  distribution  system 
consists  of  a  115V  AC  400  Hz  VSCF  system.  This  type  of  system  has  already 
flown  on  certain  versions  cf  the  A -4  and  also  the  F-18  aircraft. 

The  All-Electric  Airplane  power  conditioning  and  distribution  is  done  at 
270V  DC.  This  type  of  equipment  is  also  under  development  under  funding  of 
the  Naval  Air  Development  Center.  The  major  risk  involved  in  this  area  is  in 
control,  protection  and  switching  of  large  currents  at  27CV  DC  and  in  the 
integrity  of  the  redundant  power  bus.  Development  in  this  area  is  also  being 
conducted  and  seme  protection  and  switching  hardware  has  been  built  and 
demonstrated. 


VI  TECHUJLOGY  NEEDS 


This  trade  study  assumed  a  state-of-the-art  existent  in  the  1S90  time  frame, 
and  therefore  concepts  envisioned  to  be  available  in  the  1990  time  period  were 
exploited  in  the  study.  Consequently,  there  are  inherent  technical  needs 
involved  in  the  results  of  the  study,  based  on  the  fact  that  a  mature 
technology  based  was  assumed. 

Because  of  the  years  of  experience  and  solid  technology  base  that  exists  with 
hydraulic  controls  and  actuation  systems,  and  the  lack  of  equivalent 
experience,  and  therefore  relatively  weak  technology  base  with  electric 
controls  and  actuation,  there  are  greater  technical  needs  associated  with  the 
All -Electric  Airplane.  This  does  not  mean  that  nothing  needs  to  be  advanced 
in  the  Baseline  Airplane,  but  only  that  there  are  less  risks  involved  in 
achieving  the  Baseline  Airplane  relative  to  the  All-Electric  Airplane. 

The  technology  needs  to  achieve  both  airplanes  are.  discussed  in  the  following 
paragraphs . 

6. 1  Baseline  Airplane  Technology  Needs 

6.1.1  Actuation  Systems 

The  use  of  load  adaptive/ stored  energy  actuation  systems  could  significantly 
reduce  equipment  weight  and  so  the  development  of  these  systems  should  be 
pursued . 

Multiple- piston  motors  can  be  used  in  some  applications  with  little  or  no 
gearing  and  could  account  for  additional  weight  savings. 

The  development  of  a  staged  sequential  actuation  system  would  be  desirable. 

In  this  concept  multiple  hydraulic  ram  actuators  are  j-.'quantially  controlled 
in  a  way  which  allows  them  to  adapt  their  power  demands  to  meet  the  magn^ude 
of  resisting  loads  and  also  to  recover  power  from  aiding  loads.  The  advantage 
is  that  the  demand  from  the  supply  pimp  is  directly  reduced  by  the  number  of 
actuators  in  the  group. 


The  use  of  high  pressure  hydraulic  systems  contributes  to  a  reduction  in 
hydraulic  system  weight.  The  developments  required  in  this  area  are  high 
pressure  pumps,  seals,  tubing,  and  fittings. 

6.1.2  Special  hydraulic  Component 

The  flexibility  and  reliability  of  a  hydraulic  power  system  can  be  improved  by 
the  use  of  a  high- flow  bidirectional  power  transfer  unit.  This  unit, 
connected  between  two  hydraulic  power  systems,  can  provide  a  second  source  of 
power  for  each  of  the  systems  and  therefore  is  a  desirable  technology 
advancement . 

The  development  of  hydraulic  fuses  and  circuit  breakers  will  improve  airplane 
survivability  by  providing  means  to  isolate  failed  hydraulic  systems  ar.d  limit 
fluid  loss  after  sustaining  physical  damage. 

Direct-driven  single-stage  servovalves  are  currently  under  development  and 
have  the  potential  for  reducing  the  internal  fluid  leakage  and  power  loss 
associated  with  two-stage  valves.  Additional  development  is  needed,  however, 
to  provide  the  driving  force  capability  to  overcome  jamming  due  to 
contaminants  in  the  hydraulic  fluid. 

The  use  of  digitally-controlled  stepper-motor-driven  rotary  distribution 
valves  with  hydraulic-motor-driven  actuation  systems  and  the  use  of  stageo 
sequentially-controlled  valves  with  multiple  cylinder  piston  actuators  have 
the  potential  for  significantly  reducing  peak  hydraulic  system  flow  demands. 
The  potential  gains  warrant  further  development. 

6.2  All-Electric  Airplane  Technology  Needs 
6.2.1  Motors 

The  availability  of  magnets  with  large  energy  products  at  reduced  cost  and 
increased  volume  will  be  necessary  for  future  servo  systems.  An  energy 
product  of  22  x  10^  gauss-oersted  was  used  during  the  study.  Energy  product 
magnets  above  the  study  value  (30  x  10^  gauss-oersted)  with  improved 


176 


properties  would  be  welcomed.  The  avail  ability  of  such  magnets  in  commercial 
quantities  will  al ’ow  the  development  of  smaller,  lighter  motors,  with  higher 
specific  power  and  power-rate  capabilities. 

Increasing  motor  speed  is  desirable  in  that  it  reduces  motor  size  and  weight 
for  a  fixed  power  requirement.  For  study  purposes,  an  upper  limit  on  motor 
speed  of  25  Krpm  was  used.  While  motor  speed  is  not  limited  by  existing 
technology  (units  running  in  excess  of  100  Krpm  have  been  built),  questions 
concerning  motor  and  gear  train  reliability  renain  to  be  answered.  This 
concern  is  especially  valid  for  random  duty  cycle  machinery  such  as  position 
servos . 

Numerous  parameters  must  be  specified  d.uring  the  motor  design  process. 
Attempting  to  satisfy  all  of  the  actuation  system  requirements  with  an  optimum 
motor  design  is  an  exceedingly  difficult  engineering  task.  Frequently,  motors 
are  overdesigned  because  of  this;  occasionally  a  motor  is  underdesigned 
resulting  in  inadequate  performance  or  failure.  Development  of  motor- 
selection  criteria  or  algorithms  for  servo  applications  would  be  very- 
beneficial  to  the  designer.  Such  tools  would  allow  rapid  preliminary  design, 
and  expanded  detail  design  capabilities  for  motor  optimization. 

faintaini nq  the  largest  possible  rotor  1/d  ratio  is  desirable,  in  that  it 
minimizes  rotor  inertia,  thus  maximizing  motor  acceleration  and  power-rate.  A 
maximum  1/d  of  3:1  was  used  as  a  design  constraint  during  the  study.  Building 
motors  with  such  large  1/d  ratios,  while  feasible,  is  difficult.  Improved 
manufacturing  methods  permitting  exploitation  of  favorable  geometries  is 
viewed  as  beirg  desirable. 

\ 

6.2.2  Electronics 

Power  FETs  with  the  required  characteristics  must  be  developed  in  order  to 
satisfy  control  and  thermal  management  schemes.  A  suggested  device  rating  of 
50  amps  is  conservative,  and  should  t’  readily  achievable  during  the  next 
decade. 

Although  judicious  design  of  a  power  controller/ inverter  can  avoid  damage  due 
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to  switching  transients,  the  problem  of  Inductive  eneigy  dissipation  must  be 
dealt  with.  Bus-to-controller  and  controller-to-actuetor  line  Inductance  will 
determine  energy  dissipation  requirements  (snubber  circuit  design)  and  motor 
respon-.e  characteristics  (electrical  time  constant).  Both  cf  these  inductance 
sources  will  be  driven  by  bus  characteristics,  and  controller-actuator 
location . 

Additionally,  over-voltage  conditions  due  to  motor  over-speed  (e.g.,  response 
with  aiding  load)  must  be  addressed.  Again,  controller/inverter  design  will 
provide  a  path  for  power  flow  and  energy  dissipation,  but  bus  characteristics 
will  be  a  major  factor  in  determining  configuration. 

Compact,  reliable  optical/electrical  interfaces  are  currently  available. 
However,  application  of  these  interfaces  in  FCS  equipment  has  yet  to  be 
demonstrated.  The  application  of  optical/electrical  interfaces  at  the  FCS 
actuation  system  controllers,  inverters,  and  actuators;  and  optical  data 
transmission  between  these  assembl  ics  must  be  evaluated  and  demonstrated. 

Present  microprocessors  are  adequate  for  the  proposed  application.  Increased 
through-put  capability  and  environmental  operating  conditions  would  be 
desirable,  from  the  standpoint  of  application  and  reliability. 

6.2.3  Controll er/Inverter  Thermal  Management 

Further  work  remains  to  be  done  in  the  areas  of  controller/inverter 
optimization  and  analysis. 

Long  term  usage  Of  R-113,  -11,  or  some  other  coolant  must  be  addressed. 
Resistance  to  chemical  decomposition ,  and  maintenance  of  a  high  dielectric 
rating  are  necessary  for  application  to  controller/ inverter  cooling. 

A  careful  evaluation  of  the  heat  sink  employed  (air,  fuel,  or  other)  must  be 
performed  for  each  application.  The  selection  will  impact  the  aircraft  in 
both  weight  and  power  demand. 

Methods  to  reduce  the  internal  thermal  resistance  of  the  semiconductor  devices 
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should  be  investigated.  The  internal  thermal  resistance  contributes  a 
significant  portion  of  the  overall  resistance  between  the  junction  and  cooling 
medi  um. 

6.2.4  Mechanical  Components 

Operating  stresses  of  approximately  90  and  14C  ksi  were  used  for  the  gearheads 
and  hingeline  drives  respectively.  These  stress  levels  are  at  or  slightly 
ahead  of  the  state  of  the  art.  The  smaller  hingcline  drive  used  for  the 
elevon,  spoiler,  and  rudder  would  operate  at  a  maximun  stress  level  of 
179  ksi.  The  drive  would  have  a  life  of  approximately  10,000  cycles  at  the 
corresponding  load  (fully  reversed  cycling,  90  percent  confidence  factor). 

Advances  in  material  fatigue  characteristics  will  be  required,  if  the  life  or 
confidence  factor  for  designs  such  as  the  above  are  not  adequate  for  a  given 
appl ication. 

The  impact  of  increased  gearing  speeds  should  be  investigated.  For  the  speeds 
assumed  during  the  study,  oil  sling  lubrication  would  be  necessary.  This 
could  impose  sealing  and  mai  ntai  nabil  ity  d  iff  icul  ties . 

Measurement  of  drive  stiffness,  static  and  dynamic,  is  very  difficult  due  to 
the  stiffness  values,  loads,  and  frequencies  involved.  Development  of  test 
methods  with  repeatable  (to  within  seme  scatter  factor)  results,  would  lessen 
the  al  lost  total  dependence  on  calculated  data. 

6.2.5  Control 

Improved  sensors  for  motor  rotor  position  and  rate,  and  actuator  position  and 
rate  are  necessary.  Current  devices  have  characteristics  which  lead  to 
vagueness  during  a  change  of  state  (step  outputs)  or  nonlinearity 
(proportional  outputs).  Sensors  which  provide  a  direct  digital  input  would  be 
the  most  desirable,  since  A/D  converters  would  be  unnecessary.  Optical 
sensors  would  allow  direct  coupling  to  a  controller  bus. 

In  the  event  of  a  failure  in  one  channel  of  a  multi-motor  actuator,  control 


reconfiguration  will  be  required.  This  requirement  may  be  likened  to  a 
"multi-mode"  adaptive  control.  Development  of  adaptive  control  schemes  to 
deal  with  actuation  system  failures  will  be  necessary.  Implementation  of 
adaptive  control  would  also  allow  its  expansion  to  full  time  adaptive  control 
for  selected  parameters. 

Modern  control  theory  has  matured  during  the  past  two  decades  into  a  useable 
control  methodology.  A  considerable  body  of  literature  has  developed,  as  a 
result  (Reference  6).  However,  due  to  unfamiliarity  or  computational 
difficulty,  most  servo  engineers  have  preferred  to  utilize  classical  control 
theory  for  design  purposes.  The  literature  of  modern  control  theory  should  be 
reviewed  for  applications  to  servo  design.  A  partial  motivation  for  this 
recommendation  is  that  EM  actuation  control  systems  are  inherently  nonlinear; 
and  many  of  the  components  have  nonlinear  characteristics  which  dominate  the 
response.  Modern  control  theory  is  much  better  equipped  to  deal  with 
nonl’near  control  systems  than  is  classical  theory. 

The  design  of  digital  (discrete)  controls  is  no  more  complex  than  analog 
(continuous)  controls;  and  as  ccnmon  place  as  analog  controls  of  ten  years 
ago.  While  the  technology  has  advanced,  relevant  specifications  have  not 
changed  (Reference  7).  A  desirable  advancement  would  be  to  update  applicable 
servo  references  and  specifications  to  address  both  digit-1  and  analog  control 
schemes , 

6.2.6  Secondary  Power  System 

In  the  area  of  secondary  power  systems,  studies  will  have  to  be  conducted  to 
determine  the  best  method  of  providing  electrical  power  to  EM  actuation 
systems.  This  will  include  effort  in  the  following  areas: 

o  Studies  to  determine  the  type  of  power  to  be  generated  and 
distributed  and  the  level  of  power  conditioning  needed. 

o  Type  of  generation  system  that  would  be  most  amenable  to  perform  the 
engine  start  function. 
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The  best  means  of  extracting  power  -  whether  the  generator  should  be 
mounted  on  the  engine  spinner  vs  on  a  gearbox  connected  to  a  power 

takeoff  shaft. 


VII  RESULTS  AND  CONCLUSIONS 


7.1  Discussion  of  Results 


The  objective  of  the  design  effort  was  to  ensure  that  the  actuation  and 
secondary  power  systems  for  both  airplanes  meet  all  the  design  requirements. 

In  the  first  phase  of  this  program,  actuation  systems  requirements  for  the 
various  functions  were  defined.  During  the  second  phase  of  this  contract, 
actuation  systems  were  configured  for  the  various  applications  to  meet  the 
requirements  specified  in  the  first  phase.  Also  during  the  second  phase, 
secondary  power  systems  were  configured  to  power  the  actuation  functions,  in 
addition  to  meeting  all  the  other  airplane  secondary  power  requirements.  From 
these  configurations  an  optimum  set  of  actuation  and  secondary  power  systems 
was  selected  for  both  the  Baseline  and  All-Electric  Airplanes.  Boeing's 
experience  in  the  design  and  use  of  hydraulic  actuation  systems,  along  with 
that  of  leading  industry  suppliers,  provided  the  basis  for  final  configuration 
selection  for  the  Baseline  Airplane.  In  the  case  of  the  EN  actuation  systems, 
the  final  selections  were  ’ade  based  on  information  supplied  by  the 
subcontractor,  AiResearch  manufacturing  Company  of  California.  AiResearch  also 
performed  analyses  of  the  flight  control  EN  actuation  systems  tc  make  sure 
that  these  systems  met  all  the  requi remen  os  specified  in  the  first  phase  of 
this  program.  Thus,  there  was  a  good  level  of  assurance  that  the  two  sets  of 
systems  that  were  traded  in  the  third  phase  would  meet  all  the  performance 
requirements . 

A  summary  of  the  quantitative  comparisons  of  the  Baseline  and  All-Electric 
Airplane  systems  is  shown  in  Table  41.  The  weight  of  the  EN  actuation  systems 
was  about  20*.  higher  than  the  weight  of  the  hydraulic  actuation  systems.  On 
the  other  hand  the  weight  of  the  secondary  power  system  of  the  All -Electric 
Airplane  was  20%  lower  than  that  of  the  Baseline  Airplane.  Overall  the  total 
weight  of  the  actuation  and  secondary  power  systems  was  about  the  same  for  the 
two  airplanes. 

The  comparison  of  the  reliability  of  the  two  airplanes  was  done  by  computing 
the  probabilities  of  mission  success  and  aircraft  safety.  As  can  be  seen  from 
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TABLE  41  SIMMARY  OF  TRADE  STUDY  RESULTS 


Table  41  the  results  were  quite  similar  in  both  cases.  The  measure  of 
maintainability  was  evaluated  by  computing  the  mean-time-between-fail  ures 
(FTBF)  for  the  two  airplanes.  The  KIEF  for  the  hydraulic  actuation  systems 
was  almost  th  ee  times  higher  than  for  the  EF  actuation  systems.  Ho  ever,  the 
FTBF  of  the  secondary  power  system  for  the  All-Electric  Airplane  was  about  50% 
higher  than  that  o*  the  Baseline  Airplane.  This  resulted  in  the  overall 
Baseline  Airplane  secondary  power  and  actuation  systems  FTBF  being  33%  higher 
than  that  for  the  All -Electric  Airplane. 

The  life  cycle  cost  for  EF  actuation  systems  was  16%  higher  than  the  hydraulic 
actuation  systems.  On  the  other  hand,  the  LCC  cost  of  the  secondary  power 
system  for  the  All -Electric  Airplane  was  42%  lower  than  the  Baseline  Airplane 
secondary  power  system.  This  resulted  in  the  overall  LCC  of  the  All-Electric 
Airplane  being  approximately  12%  less  than  the  Baseline  Airplane. 

In  addition  to  the  quantitative  analysis,  the  systems  of  the  two  airplanes 
were  evaluated  with  respect  to  six  other  parameters  on  a  qualitative  basis.  A 
suimiary  of  this  comparison  is  shown  in  Table  42. 

The  fact  that  electrical  ystems  are  designed  for  twice  the  maximum  average 
load  capacity  allows  additional  growth  advantage  in  the  All-Electric  Airplane 
secondary  power  system  over  the  easel  me  Airplane.  From  a  survivability/ 
vulnerability  standpoint,  hydraulic  actuation  (where  linear  pistons  are  used) 
is  better  than  actuation  since  the  simplicity  of  design  of  the  hydraulic 
ram  actuators  pr  'cl udes  the  possibilities  of  jamming  that  may  occur  in 
1 ight weigh'  gearboxes  used  on  EF  actuators.  Electrical  power  systems  have  the 
capability  of  isolating  an  individual  circuit  which  has  failed  and  shorted 
through  the  action  of  circuit  breakers.  Similarly,  hydraulic  systems  car  be 
fused  and  isolation  provided  to  maintain  system  integrity  should  a  hydraulic 
line  be  broken  or  damaged,  especially  due  to  weapons  effects.  Aircraft  fires 
can  be  fueled  by  leakage  of  hydraulic  fluid.  FIL-H-5606  was  used  for  weight 
estimating  purposes  in  this  study.  Fire  resistant  hydraulic  fluid,  currently 
under  development,  is  heavier  and  would  add  a  weight  penalty  to  the  hydraulic 
system. 

The  All -Electric  Airplane  will  be  more  vulnerable  to  the  electromagnetic 


TABLE  42  COMPARISON  OF  RELATED  FACTORS 
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threats  due  tc  electromagnetic  interference  (EMI)  and  lightning,  especially 
since  future  aircraft  will  be  utilizing  more  and  more  non-metal  lie 
(fiberglass,  composite)  structures. 

The  All-Electric  Airplane  is  also  penalized  if  the  EM  actuation  and  electrical 
power  systems  have  to  operate  In  an  ambient  where  high  temperatures  may  exist. 
The  distributed  hydraulic  system  has  the  advantage  of  using  fluid  to  remove 
heat  from  the  actuators  which  can  then  be  transferred  by  means  of  heat 
exchangers  to  a  suitable  sink  such  as  the  fuel.  However,  on  dead-ended 
systems,  or  thosn  that  are  inactive  during  flight,  such  as  the  landing  gear 
actuation  systems,  thermal  problems  do  occur  (both  overheating  and  freezing  on 
sane  missions)  so  special  protective  measures  may  be  required.  The  systems 
used  on  the  Easeline  Airplane  are  a  projection  of  a  technology  that  has  a  high 
probability  of  being  achieved.  In  the  All-Electric  Airplane  the  projected 
technology  is  higher  risk  with  developments  required  in  the  use  of  high 
voltage  DC,  gearbox  and  motor  design,  electrical  power  integrity,  actuation, 
redundancy  management,  and  survivabil  ity  of  control  designs. 

7.2  Conclusions 

Based  on  the  results  of  this  study  it  is  concluded  that  an  All-Electric 
Airplane  is  feasible  assuming  that  appropriate  development  is  pursued.  For  an 
airplane  of  the  size  and  mission  as  that  studied  in  this  program,  the  weight 
and  the  reliability/maintainability  factors  are  about  equal.  A  reduction  in 
life  cycle  cost  in  the  secondary  power  system  can  be  achieved  by  extracting  a 
single  type  of  power  (electrical)  rather  than  by  extracting  two  types 
(electrical  and  hydraulic).  Moreover,  this  reduction  is  not  only  adequate  to 
make  up  for  the  increase  1  ri  EM  actuation  LCC  but  also  to  provide  a  net  overall 
reduction  over  the  Baseline  Airplane. 

The  other  six  factors  that  were  considered  provided  advantages  and 
disadvantages  for  both  aircraft  designs  that  offset  each  other  to  some  exten.. 
Efforts  to  Improve  on  the  hydraulic  actuation  and  hydraulic  power  systems  are 
continuously  being  pursued  by  the  mil  Itary,  aircraft  manufacturers,  and 
systems  vendors.  Certain  problems  associated  with  EM  actuation  and  electrical 
power  systems  are  also  being  pursued.  For  example,  development  of  EM 
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actuators  is  being  pursued  by  the  same  set  of  agencies  listed  above.  One  area 
of  concern  is  the  high  risk  associated  with  the  use  of  light  weight  gearboxes 
in  EM  actuators,  especially  for  primary  flight,  control  actuation.  A  lower 
risk  alternative  is  the  integrated  a.  tuator  package  (IAP)  which  can  be 
utilized  in  the  most  critical  applications  of  the  primary  flight  controls, 
thus  allowing  the  achievement  of  an  All-Electric  Airplane. 

Another  area  of  concern  is  the  vulnerability  of  fly-by»wire/ power-by-wire 
systems  to  electromagnetic  threats  due  to  EMI  and  lightning.  Work  is  being 
done  to  devise  methods  tc  protect  the  electrical/  electronic  equipment, 
without  undue  cost  and  weight  penalties.  The  F- 16  is  truly  a  FEW  airplane. 

As  is  always  the  case  with  radical  departure  from  tried  and  true  methods,  the 
F -16  has  had  its  problems,  but  none  that  can  be  called  i nsurmountabl e.  The 
FBW'  electronics  are  probably  more  vulnerable  to  EMC/1  ightni ng  effects  than  the 
PEW  or  EM  actuation  systems,  since  the  latter  ere  operating  at  much  higher 
power  levels  and  hence  are  less  likely  to  be  impacted  by  el ectroriiagnetic  noise 
or  transients.  In  any  case,  shielding  techniques  are  being  developed  that  are 
expected  tc  provide  the  necessary  protection  for  both  electronics  LRUs  and 
actuators. 

Considerable  effort  was  expended  in  this  study  to  ensure  that  the  EM  actuation 
systems  would  not  be  subjected  to  excessive  temperatures  during  supersonic 
operations.  For  subsonic  aircraft  the  additional  cooling  provisions  for  the  EM 
actuation  system  controllers  could  be  reduced  considerably  or  even  eliminated. 
This  would  result  in  reduction  of  the  EM  actuation  system  weight,  improvement 
in  MTBF  and  further  reduction  in  LCC.  A  comparable  cooling  system  requirement 
does  not  exist  in  the  Easeline  Airplane  hydraulic  actuation  system  so  the 
mission  change  v«uld  not  provide  a  comparable  reduction. 

It  is  also  anticipated  that  for  a  much  larger  aircraft  the  weight  differential 
in  the  secondary  power  system  could  be  greater.  This  would  be  possible 
because  of  the  relatively  greater  increase  in  the  weight  of  hydraulic  tubing 
and  fittings  and  the  hydraulic  fluid  in  the  system.  This  would  also  result  in 
additional  LCC  reductions  in  the  All-Electric  Airplane. 


VIII  RECOMMENDATIONS 


This  study  was  based  on  the  premise  that  certain  technology  needs  in  the  EM 
actuation  and  electrical  power  systems  will  be  fulfilled.  These  are: 


o  Higher  energy  product  Sm-Co  permanent  magnets 
o  More  efficient  pov/er  switches 
o  Better  heat  removal  techniques 

o  Mere  efficient  and  lighter  weight  gearboxes  and  ball  screws 
o  Protection  of  P8W  electronics  from  electromagnetic  threats 
o  Developnent  of  optimum  type  of  electrical  power  generation  and 
distribution  system 


Also  to  be  fulfilled  are  technology  needs  in  the  hydraulic  actuation  and  power 
systems  as  follows: 


o  Higher  pressure  hydraulics 
o  Advanced  hydraul ic  components 
o  Special  hydraulic  actuation  components 
o  Fire  resistant  hydraulic  fluids 


Therefore,  it  is  recommended  that  developments  in  the  following  areas  be 
pursued : 


For  Basel ine  Airpl ane 

o  Actuation  Systems 

-  load  adapti vc/ stored  energy  actuation 

-  staged  sequential  servo  ram  actuation 

o  Advanced  Hydraulic  Systems 

-  high  pressure  pumps,  seals,  tubing,  and  fittings 

-  bidirectional  power  transfer  units 

-  hydraulic  fuses  and  circuit  breakers 


o 


Fire  Resistant  Hydraulic  Fluid 


o  Gearboxes 

-  light  weight 

-  high  efficiency 

-  jam  resistant/tolerant 

o  Motors 

-  length/diameter/power/inertia/ speed  parametric  data 

o  Motor/Cearbox  Optimization  Techniques 

-  speed  optimized  for  maximum  power  transfer 

o  Load  Adaptive/Stored  Energy  Actuation  Techniques 

o  Controll  er/Inverters 

-  thermal  management 

-  EMC/ lightning  protection 

-  multiplex  date  bus  interface 

o  High  Voltage  DC  Electric  Systems 

-  starter/generato*' 

-  power  switchi ng/protcction/distributicn 

-  EMC/1 ightni ng  protection 


In  addition  tc  the  above  it  also  is  recommended  that  developments  in  the 
following  areas  be  pursued  since  they  will  be  applicable  to  both  airplane 
types . 

o  Integrated  Actuator  Packages 
Servo  Pump  Concept 
Servo  Valve/ Accumulator  Concept 
Fixed  Displacement  Pump  Concept 


o  Cearless  Speed  Reduction  Motors 


o  Electromechanical  Brake  System 


o  Closed  Loop  Environmental  Control  Systems 

Developments  suggested  above  would  help  to  provide  the  technical  basis  to 
allow  the  option  of  selecting  the  best  solution  to  optimize  the  particular 
airplane  configuration  and  design  being  considered. 


190 


REFERENCES 


1.  Report  80-17284,  "Electromechanical  Airplane  Actuation  Trade  Study," 

Ai Research  Manufacturing  Company,  August  1980. 

2.  Contract  NAS9-15863,  "Application  of  Advanced  Electric/Electronic 
Technology  to  Conventional  Aircraft,"  NASA  Contractor  Report;  Lockheed- 
California  Company,  Lockheed-Georgia  Company,  AiResearch  Manufacturing 
Company,  Honeywell  Incorporated;  July  1980. 

3.  Report  LR  28780,  "270  VDC  Impact  Study,"  Lockheed-Cal i fornia  Company; 
November  1978. 

4.  Tomizulsa,  Auslander;  Journal  of  Dynamic  Systems,  Measurement,  and 
Control;  V.  101,  June  1979;  pp  89-90  "Forim". 

5.  Report  TR-78-115,  "Analysis  of  Digital  Flight.  Control  Systems  with  Flying 
Qualities  Applications,  Volume  II  -  Technical  Report,"  Air  Force  Flight 
Dynamics  Laboratory. 

6.  AFR  66-1  Maintenance  Data  Collection  System  and  DO  56E  Maintenance  Data 
Tapes. 

7.  WADC  Technical  Report  54-189,  "Theoretical  Investigation  of  Optimum 
Pressures  in  Aircraft  Hydraulic  Systems,"  C.  H.  Cocke,  E.  Gessner, 

R.  L.  Smith;  Glenn  L.  Martin  Co.,  January  1954. 

8.  Contract  F3361 5- 79 -C -2006  "Protection  of  Advanced  Electrical  Power  Systems 
from  Atmospheric  El ectromagnetic  Hazards." 

9.  Report  AFFDL-TR-76-42 ,  "Electromechanical  Actuation  Feasibility  Study," 
AiResearch  Manufacturing  Company,  May  1976. 

10.  AFKAt-TR-81-2012,  "Aircraft  Digital  Input  Controlled  Hydraulic  Actuation 
and  Control  System,"  Eoeing  Military  Airplane  Company,  March  1981. 


191 


APPENDIX  A 


RELIABILITY  DATA 


This  appendix  contains  the  mission  loss  fault  trees  and  the  airplane  loss 
fault  trees  for  both  the  Baseline  and  the  All-Electric  Airplanes.  In 
addition,  computer  printouts  are  included  for  probability  of  mission 
completion  and  probability  of  airplane  safety  for  both  the  Baseline  and  the 
All -Electric  Airplanes. 
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REFERENCE  ONLY 


Figure  A-l  Mission  Fault  Tree  for  Baseline  Airplane 
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*  TWO-DUAL  TANDEM  ACTUATORS  CONTROLLING  CANARD 
DEFINED  AS  THREE  REDUNDANT  ACTUATORS 
**  FAILURE  OF  EITHER  HYD  SYSTEM  CAUSES 
MISSION  ABORT  UNDER  ELEVON  FAULT  TREE 
□  C-14  ELEVATOR  PCU  FR  X  2 

Figure  A-2  Loss  of  Mission  Fault  Tree  - 

Pitch  Control  Baseline  Airplane 
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C-14  FR  FOR  AILERON  PCU 
+  CONTROL  VALVE  MODULE 
X  l  FOR  FIGHTER  ENVIRONMENT 

Figure  A-3  Loss  of  Mission  Fault  Tree  - 
Roll  Control  Baseline  Alrplsne 
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11 

12 

RUDDER  ACT. 

#1 

FAILS 

RUDDER  ACT. 

#2 

FAILS 

°  X  «  88  X  10'6 


X  -  88  X  10 


D  C-14  RUDDER  PCU  FR  X  2 


Figure  A-4  Loss  of  Mission  Fault  Tree  - 
Yaw  Control  8astline  Airplane 
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10  X  1C 


-6 


X  =  40  X  10 


-6 


X  «  40  X  10 


-6 


•  NOSE  GEAR  RETRACTS  FORWARD 
THEREFORE  CAN  EXTEND  BY  FREE-FALL 


•  INADVERTENT  EXTENSION  IS  CONSIDERED 
TO  BE  AN  IMPOSSIBLE  FAILURE  MODE 


Figure  A-6  toss  of  Mission  Fault  Tree  - 
landing  Gear  Baseline  Airplane 
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MISSION  LOSS 
ENGINE  INLET 


BASELINE  AIRPLANE 


REFERENCE  ONLY 


X  =  50  X  10'6 


50  X  10~6 


EST 


EST 


LOSS  OF  EITHER  ENGINE  INLET  RESULTS 
IN  REDUCED  ENGINE  EFFICIENCY  WHICH  PRECLUDES 
MISSION  SUCCESS 


Figure  A™?  Loss  of  Mission  Fault  Tree  - 
Engine  Inlet  Baseline  Airplane 
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REFERENCE  ONLY  X  *  13  X  10'6 


C-14  SHAKER  ACT.  F.R. 
X  2 


Figure  A-8  Loss  of  Mission  Fault  Tree  - 
Gun  Control  Baseline  Airplane 
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Figure  A-9  Loss  of  Mission  Fault  Tree 
Spoilers  Baseline  Airplane 


0  X*  1200  X  10“6  X  -  1200  X  10-6  X  -  1200  X  10'6 


9  LOSS  OF  2  OF  3  ELECTRICAL  SYSTEMS  RESULTS  IN  MISSION  ABORT. 

•  EACH  "SYSTEM1'  ASSUMED  TO  CONTAIN  ITS  OWN  DISTRIBUTION  SYSTEM 

*  ASSUMES  NO  SINGLE  FAILURE  POINTS  EXIST  THAT  CAN  CAUSE  ALL  SYSTEMS  TO 
GO  DOWN  AT  ONCE. 

®  IGNORES  LOSS  OF  ENGINES  AS  A  CAUSE  OF  ELECTRICAL  SYSTEM  LOSS  SINCE  THE 
EFFECTS  ARE  THE  SAME  FOR  BOTH  BASELINE  4  ALL-ELECTRIC  AIRPLANES 

Figure  A-10  Loss  of  Mission  Fault  Tree  - 

Electrical  Power  System  Baseline  Airplane 
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NOTE:  SAME  AS  l.OSS  OF 


0  X  *  80  X  TO'6  X  »  80  X  10"6  X  »  80  X  lo"6 


•  LOSS  OF  HYD  SYSTEMS  #1  AND  #2  CAUSES  LOSS  OF  AERIAL  REFUEL, 
GUN  DRIVE,  AND  ECS  WHICH  RESULTS  IN  MISSION  ABORT.  THIS 
ASSUMES  THAT  THE  ECS  FAILURE  IS  DETECTABLE  AND  ABORT  CAN 

BE  ACCOMPLISHED  BEFORE  LOSS  OF  CRITICAL  ftY-BY-WIRE 
AVIONICS  OCCURS,  OTHERWISE  LOSS  OF  A/C  CAN  RESULT  FROM 
LOSS  OF  BOTH  HYDRAULIC  SYSTEMS. 

•  EACH  "SYSTEM"  ASSUMED  TO  CONTAIN  ITS  OWN  DISTRIBUTION  SYSTEM. 

•ASSUMES  NO  SINGLE  FAILURE  POINTS  EXIST  THAT  CAN  CAUSE  ALL 
SYSTEMS  TO  GO  DOWN  AT  ONCE. 

<»  IGNORES  LOSS  OF  ENGINES  AS  A  CAUSE  OF  HYD  SYSTEM  LOSS 


□  C-14  HYD  SYS  F.R.  X  2 


Figure  A-12  Loss  of  Mission  Fault  Tree  - 

Hydraulic  Power  System  Baseline  Airplane 
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TABLE  A-l  MISSION  COMPLETION  -  BASELINE  AIRPLANE 
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REFERENCE  ONLY 


Figure  A- 1 3  Loss,  of  Mission  Fault  Tree  - 
All-Electric  Airplane 
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LOSS  OF  MISSION 
PITCH  CONTROL 


REFERENCE  ONLY 


SEE  COMPLETION 
OF  THIS  LEG 
UNDER  ROLL 
CONTROL 


ALL-ELECTRIC  AIRPLANE 

MEL  -  MINIMUM  EQUIPMENT  LEVEL 
t  -  1.28  HOURS 
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CANARD  BELOW 

MEL 
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CANARD  COMMAND 
BELOW  MEL 

REFERENCE  ONLY 
SAME  IN  EACH  CASE 


CANAKU  AUUHiiun 
BELOW  MR 


CANARD  POWER 

BELOW  MEL 


X-  0  x  10" 
REE  ONLY 
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5 

6 

ACTUATOR 

ACTUATOR 

ACTUATOR 
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3 

FAILS 

FAILS 

FAILS 

D  X-  180  x  10'6 

X-  180  x  10"6 

X-  180  x  10" 

□  AI RESEARCH  ACTUATOR  FR  +  172  x  10  FOR  INVERTER 


Figure  A-14  Loss  of  Mission  Fault  Tree  - 

Pitch  Control  All -Electric  Airplane 


m 
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NOTE: 

"ACTUATOR"  FAILURE  RATE  INCLUDES  INVERTER  AND  ACTUATOR 

C-14  FR  FOR  INVERTER  -  86  x  10'6 
FIGHTER  CONVERSION  X  2  *  172  X  10"6 

AI RESEARCH  A  FOR  ELEVON  ACTUATOR  8.2  x  10"6 


Figure  A-15  Loss  of  M4ss1on  Fault  Tree  - 

Roll  Control  All -Electric  Airplane 
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ft trnam  .i  ... - - - - - 

57 
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E 

LOSS  Gf  MISSIpN 

ALL-ELECTRIC  AIRPLANE 

YAW  CONTROL 

1  “  1.28  HOURS 
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'A 

... 

RUDDER  COMMAND 
BELOW  MEL 


REFERENCE  ONLY. 
SAME  IN  EACH  CASE 


RUDDER 
ACTUATION 
BELOW  MEL 


A ■ 180  X  10* 


RUDDER  POWER 
LOSS 


REFERENCE  ONLY 


RUDDER  ACT. 

RUDDER  ACT. 

#1 

#2 

FAILS 

FAILS 

X  ■  180  X  10" 


Figure  A-16  loss  of  Mission  Fault  Tree  - 

Yaw  Control  All -Electric  Airplane 
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Figure  A-17  Loss  of  Mission  Fault  Tree  - 

Leading  Edge  Flaps  All-Electric  Airplane 


95 


□  C-14  FR  x  2  FOR  HGHTER 


•  NOSE  GEAR  RETRACTS  FORWARD 
THEREFORE  CAN  EXTEND  BY  FREE-FALL 


•  INADVERTENT  EXTENSION  IS  CONSIDERED 
TO  BE  AN  IMPOSSIBLE  FAILURE  MODE 


Figure  A-18  Loss  of  Mission  Fault  Tree  - 

Landing  Gear  All-Electric  Airplane 
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LOSS  OF  EITHER  ENGINE  INLET  RESULTS 
IN  REDUCED  ENGINE  EFFICIENCY  HHICM  PRECLUDES 
MISSION  SUCCESS 

Figure  A-19  Loss  of  Mission  Fault  Tree  - 

Engine  Inlet  All-Electric  Airplane 
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REFERENCE  ONLY  X  -180X  10"6 


Figure  A-20  Loss  of  Mission  Fault  Tree  - 

Gun  Control  All -Electric  Airplane 


92 


ALL-ELECTRIC  AIRPLANE 


MISSION  LOSS 
SPOILERS 


HAROOYER  OF  ANY 
SURFACE  CAUSES 
EXCESSIVE  DRAG 
WHICH  RESULTS  IN 
MISSION  ABORT 


X  *  176  X  10"8  X  *  176  X  10~8  X»  176  X  10'8  X  ■  176  X  10“8 


Figure  A-21  Loss  of  Mission  Fault  Tree  - 
Spoilers  All-Electric  Airplane 
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•  LOSS  OF  2  OF  3  ELECTRICAL  SYSTEMS  RESULTS  IN  MISSION  ABORT. 

•  EACH  "SYSTEM"  ASSUMED  TO  CONTAIN  ITS  OWN  DISTRIBUTION  SYSTEM 

•  ASSUMES  NO  SINGLE  FAILURE  POINTS  EXIST  THAT  CAN  CAUSE  ALL 
SYSTEMS  TO  GO  DOWN  AT  ONCE. 

•  IGNORES  LOSS  OF  ENGINES  AS  A  CAUSE  OF  ELECTRICAL  SYSTEM  LOSS  SINCE  THE 
EFFECTS  ARE  THE  SAVE  FOR  BOTH  BASELINE  &  ALL-ELECTRIC  AIRPLANES 


Figure  A-22  Loss  of  Mission  Fault  Tree  - 

Electrical  Power  System  All -Electric  Airplane 
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i 


HYD  1  4  2 
POWER  LOSS 


REF.  ONLY 

(COVERED  IN  OTHER 
TREES) 


□  FROM  CECS  ON  LIQUID  REFRIG 
DISTRIBUTION  SYSTEM 


Figure  A-23  Loss  of  Hiss  ion  Fault  Tree  - 
Environmental  Control  Systare 
All-Electric  Airplane 
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LOSS 

OF 

AIRCRAFT 
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BASELINE 

AIRPLANE 


Figure  A-24  loss  of  Aircraft  Fault  Tre*  - 
Baseline  Airplane 
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Figure  A-25  Loss  of  Aircraft  Fault  Tree  - 
Pitch  Control  Baseline  Airplane 
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APPENDIX  B 


RCA  PR  ICE -L  COST  MODEL  INPUT  DATA 


This  appendix  contains  the  RCA  PRICE-L  cost  model  input  data  for  500  Baseline 
and  All-Electric  Airplanes.  Tables  B-l  and  B-2  contain  data  for  the  actuation 
systems  and  Tables  B-3  and  B-4  are  for  the  secondary  power  systems.  The  input 
data  for  1000  airplanes  is  identical  except  for  the  "Production  Quantity 
(QTY)"  nunber  on  the  input  data  sheet  (see  Figure  35).  For  500  airplanes,  QTY 
is  500  times  QTYNHA;  for  1000  airplanes  QTY  is  1000  times  QTYNHA. 


TABLE  B-l  RCA  PRICE  MODEL  INPUT  DATA-BASELINt  AIRPLANE 
ACTUATION  SYSTEMS,  500  AIRPLANES 
SHEET  1  OF  3 


j  hihyi.cat 


aihyi.pai  ;:-SEf-si  ii'it 
40100  **rrice  i* 

001 10  LINEAR  4CTUA10R-CANARD  AODIFIED  E-2-81 

00120  2000  to  3f  .1420  2 

00130  40.5  l.R  If 91 

001*0  30  5.9  .10  0  .33 

00150  IfO  C  C  1 

00140  10S  C  C  35 

00145  NYORAULIC  SERVO  VALVE  -  CANARD 

00170  1000  30  7  .0202  1 

001*0  2  .5  .3  1.9  1091 

00100  4.43  3.8  .100  .33 

00300  *0  7.t*0  .100  1.0 

00210  OlfO  C  C  1 

00220  OltS  C  C  100SS 

00230  LINEAR  ACTUATOR-ELEVDN 

302*0  2000  40  73  .31  i 

00230  *  .3  .3  1.8  Ifil 

00260  7*. 5  2.1  .100  .32 

00270  *0  7 . f *0  .1001 

00290  OlfO  C  C  1 

002f 0  01f3  C  C  1003! 

>0100  ROTARY  nOTOR  -  RUDDER 

00310  1000  SO  7.3  .0313  1 

30120  2  .3  .3  1.9  lf*l 

00110  7.13  3.90  .100  .23 

003*0  *0  7 . 7*0  .1  0  0  1 

00230  OlfO  C  C  1 

00160  OlfS  C  C  10033 

00170  MIHOELINE  DEAR  93X  -  RUDDER 

00190  300  >2  22  . Of 37  2 

OOJfO  10  .3  1.1  If 9 1 

00*00  22  5.9  .1  0  0  .33 

00*10  OlfO  C  C  1 

00*20  01V3  C  C  S3 

00*30  REDUCTION  GEAR  BOX  -  RUDDER 

00**0  300  13  11  .0*78  2 

00*30  1  0  .3  1.8  If fl 1 

00*60  11  3. a  .1  0  0  .33 

00*70  OlfO  C  C  1 

00*80  OlfS  c  c  ss 

00*f0  LINEAR  ACTUATOR  -  BROILER 

00300  2000  60  17.B  .Of 37  1 

.0510  *  .3  .3  1.9  lfBl 

-.032*  17.3  3.9  .1  0  0  .33 

00530  *0  7.f *  .1  0  C  I 

003*0  IfO  C  C  1 

00530  IfS  C  C  10033 

00140  LINEAR  ACTUATOR  -  LE  FIAR 

00570  6000  190  If. 3  .  1011  1 

00580  12  .5  .3  1.9  !f*l 

OOlfO  tf.t  5.9  .100  .13 

00400  *0  7.f *  .1901 

00*10  IfO  C  C  1 

00t2»  IfS  C  C  ;005S 

00130  LINEAR  ACTUATOR  -  ENGINE  INLET  CENTER80D1 

004*0  1000  10  19  -Of *7  1 

00430  2  .3  .3  1.9  If 91 

OOttO  17.3  3.9  .109  .33 

00*79  *0  7 . f *  .1  90  1 

'0*90  Iff  r  C  ‘ 

00400  If!  C  C  19033 

90700  ROTARY  SEAR  BOX  -  ENftlNE  INLET  BTPA3E  DOOR 

00710  2000  40  2  .0097  1 

00720  *  .3  .3  l.t  If 81 

00730  l.f  3.1  .100  .31 

907*0  *0  7 . f *  .1  0  V  1 

00730  IfO  C  C  1 

40740  If!  C  C  1003! 


. 

TABLE  B- 

1  RCA  PRICE  MODEL  INPUT  DATA-BASELINE  AIRPLANE 

ACTUATION  SYSTEMS.  500  AIRPLANES 

SHEET  2  OP  3 

f 

f  GOT  70 

HYDRAULIC  ROTOR  -  CH01NE  INLET  BVPAit  DOOR 

1  oc?*o 

2000  60  2  .00*3  - 

t-  00790 

.  0  .3  1.1  ITtl 

lt  00*00 

:  3.8  .i  »  <>  .ii 

\  00*10 

190  C  C  1 

00820 

193  C  C  33 

00*30 

LINEAR  ACTUATOR  -  RAIN  LANDING  GEAR 

00*40 

1000  10  10. f  . 0TT3  2 

t  oosio 

20  .5  1.9  19*1 

00840 

18. T  3.8  .100  .11 

00* ’0 

190  C  C  1 

00880 

193  C  C  53 

00*90 

U NEAR  ACTUATOR  -  NOSE  GE*«R 

OOTOO 

300  13  IT. 3  .1331  2 

00910 

l  0  .3  1.9  19*1 

00920 

IT. 3  3. a  .100  .11 

00930 

190  C  C  1 

0094C 

193  C  c  33 

00950 

CONTROL  VALVE*  3  POSITION  -  LANDING  GEAR 

00960 

300  13  3  .0123  1 

00970 

1  .5  .3  1.9  1981 

ootao 

2. S3  3.0  .1  0  0  .23 

,  009*0 

40  7.94  .1001  1 

01000 

190  C  C  1 

[  71010 

195  C  C  10055 

i  01020 

ACTUATOR  -  NOSE  STEERING  GEAR 

I  01030 

300  13  12  .0*37  ; 

01040 

:  0  .3  1.8  1T81 

0 1 0*0 

22  5.Q  .100  .31 

s  01040 

190  C  C  1 

01070 

ITS  C  C  53 

0108C 

ISOLATION  VALVE  -  OKUUNU  S»ST in 

01090 

1000  20  3  .0081  1  : 

OilOO 

3  .3  .1  1.3  ITttt  ! 

oiiio 

l.T  3.3  .100  .33  1 

.0  7.TA  .1001 

01130 

190  c  c  i 

01140 

193  C  C  10033 

'.1150 

ACTUATOL  -  RAIN  GEAR  CRAKES 

01140 

tooo  30  :2  .0432  2 

01170 

:  0  .3  l.T  1*81 

011*0 

L2  3.8  .100  .23 

01190 

1T0  C  C  1 

01200 

ITS  C  C  33 

Ol  2IC 

C0H1R0L  UALVC  -  RAIN  GEAR  CRAKES 

01220 

1000  JO  9  .04  2 

v  1 2  30 

20  ,3  1.9  19*1 

01240 

9  4.32  . 1  0  0  .33 

01250 

190  C  C  1 

0124C 

195  C  C  33 

01270 

SHUT  Off  WUVi,  MAIN  GEAR  BRAKES 

0 1290 

1000  30  l  .004  2 

oirvo 

20  .1  1.8  ITtl 

■  0 i 300 

l  3 .  B  .10  0  .33 

OHIO 

MO  C  C  1 

[  01320 

19*  C  C  35 

•  ,17^0 

9 A K KING  VAIVE  “  AAIH  GEAR  BRAKES 

•'1 i*<*. 

1000  JO  2.3  .0164  2 

>1330 

2  0  .3  1.9  19*1 

01340 

2.3  3.*  .1  0  0  *33 

>1370 

190  C  C  1 

01390 

193  C  C  33 

01390 

ACCURULATOR  -  RAIN  GEAR  BRAKES 

01400 

10«0  10  10  .07(1  2 

01410 

20  .3  l.a  19*1 

01420 

10  3 . 78  .100  .11 

01430 

190  C  C  1 

01440 

193  C  C  33 

01510 

ACTUATOR-AERIAL  RlfUEUNO 

01520 

300  13  1.3  .007*  2 

51530 

1  0  .5  1*1  1981 

0134C 

1.3  3.B  .10  0  .33 

.1550 

0190  C  C  1  . 

•;!54 

0 !  9*  c  C  **  r 

01570 

AL1UAT0N-  AERIAL  PEPUELINO  KOT/U  LATCH 

01380 

300  12  1*9  . 0033  2 

01590 

l  0  .5  l.t  19*1 

fir  01400 

l.v>  3.8  .10  0  .33 

ft  OUIO 

0190  C  C  1 

ft  01420 

0193  C  C  *5» 

2# 

B-l  RCA  PRICE  MODEL  INPUT  DATA-BASELINE  AIRPLANE 
ACTUATION  SYSTEMS,  500  AIRPLANES 
SHEET  3  OF  3 


11130 

Cl**0 

91430 

01**0 

01*79 

«U«0 

91**0 

01700 

01710 

•,'i7:o 

01730 
0  17*0 
01710 
017*0 
>1770 
017*0 
017*0 
Ot*CO 
OHIO 
C182C 
91S30 
018*0 
01800 
018*0 
01870 
01880 
012*0 
■:  i*oi 
:  ivio 
’.■1*20 
11*30 
•  **0 
0  1  700 
.  .**(' 


GUM  OKlve 


-"-35 
72940 
02070 
029*0 
020*0 
92100 
02110 
92120 
02130 
921*0 
02130 
>2140 
92170 
92180 
•-21V0 
02200 
922.19 
02220 
02230 
022*0 
9*230 
022*0 
92270 
022*0 
222*0 
0  2100 
02310 
0212* 
02130 
921*0 
02730 
0  21*C 
>2370 
C2380 


CONTROL  VALVE-  AERIAL  REFUELING 

300  13  3-23  .0133  2 

l  0  .5  l.»  1*»1 

3.23  3.8  .100  .33 

01*0  C  C  1 

01*3  C  C  33 

LINEAR  ACTUATOR-  CANOPT 
300  13  2.*  .0133  2 
1  0  .3  1.8  1*81 
2.*  3.8  .100  .33 

oi*o  c  c  i 

Ot»I  C  C  33 

CONTROL  VALVE.  3  POSITION-  CANOPT 
300  13  1.0  .00*2  2 
1  .3  .3  1.8  1*81 
1.0  3.8  .100  .33 

oito  c  c  i 

01*3  C  c  15 
(TOR  BOX-  GUM  OR JUt 
300  13  *0  .0*33  2 
1  9  .3  1.3  1*81 
10  3.*  -100  .31 
01*0  C  C  1 
01*3  C  C  33 

hyoraulic  motor  -  gum  ori'.'E 

300  13  7 .*  .0317  2 
1  0  .3  1 .8  1*81 
7.4  3.B  .1  00  .33 
01*0  C  C  ! 

CONTROL  \'AL'.'E  •  1  P0S1  T!  OH  -  GUM  OKlVt 

500  13  0.*  .0330  2 

1  o  .3  1.8  1*81 

8.*  3.8  .100  .33 

91*0  C  C  1 

01*3  C  C  33 

HTOROULIC  nOlllR-  ECS  P4C.1  COMPRESSOR 
300  13  *.0  .018  2 
1  0  .3  l.e  1*81 
* .0  3.8  .100  .33 
01*0  C  C  1 

?fc’?ROLr'o*L'.T.  2  POSITION-  ICS  PACK  COMPRESSOR 

300  IS  1  .A"*.? 

1  .5  .3  1.8  1*81 
.♦3  9.8  .1  00  .33 
;  7-**0  .1  o  9  1.9 

01*0  C  C  l 
01*5  C  C  10053 

BEAR  BOX  -  ELECTRONICS  COOLIRO  PAM 
50 -j  13  7.3  .032*  2 

1  O  .3  1.8  1*81 

7.3  3.8  .1  0  0  .33 

01*0  C  C  l 

rioRAULIC  MOTOR  -  ELECTRONICS  COOLING  FAN 
300  19  7.4  .0317  2 

t  0  .3  1-9  1*81 

i  7.4  3.8  .1  0  .33 

i  oi«o  c  c  i 

I  L0NTR0LCVAL1'E.  3  POSITION-  ELECTRONICS  COOL  7  MO  FAN 

)  300  IS  t.O  .0**2  1 

)  I  .5  .3  : .e  1*81 
}  .*3  3.8  .1*0  .33 

>  *0  7 . *A0  . •  0  v  1.0 


2  POSITION-  ICS  PACK  C0NPPESSOP 


i  .5  .3  : .e  i»8i 
.» 3  3.8  ,100  .33 
*0  7 .  *A0  .  •  0  v  1.0 
01*0  C  C  l 
01*3  C  C  10033 

SEROTT  value  -  OINERRL  PURPOSE 

12000  3*0  1.  .00*2  I 

2*  .3  .3  1.8  1*81 

, *5  3.1  .  i  0  0  .33 

*0  7 .**0  .1  00  1*9 

oi*o  c.  c  i 

01*3  C  C  10033 

INTEGRATION  and  test 

500  13  .7  .7  3 

0  0  0  1.8  1*11 


TABLE  B-2  RCA  PRICE  MODEL  INPUT  DATA-ALL-ELECTRIC  AIRPLANE 
ACTUATION  SYSTEMS,  500  AIRPLANES 

SHEET  1  OF  5 


hum. dot 

•  •nut  i< 

vono 

F01#tS  DRIVE  UM1T/04LL  *C«U  ACT-CANARD 

00120 

1C30  34  31 .9  .1432  2 

V5I30 

2  9  .3  1.3  IMI 

001  AC 

3*  3.«  .104  .11 

•  >150 

0170  C  C  l 

0173  C  C  33 

:••?*?* 

note*  -  canard 

CO  no 

3000  to  t  .«*?1  2 

os:to 

40  .3  1.6  1791 

00200 

a  s.i  .too  .ij 

00210 

otto  c  r.  l 

C$220 

0173  C  C  35 

10220 

INVERTER  -  CANARD 

092*0 

3000  70  7.0  .97  l 

00250 

4  ,J  .3  1.9  1791 

C02A0 

4  3.32  .100  .31 

'.4270 

31  4.7*1  .10  0  1 

oo:«o 

0170  C  C  1.0 

00200 

0173  C  C  10*31 

VOJOO 

rOWEft  ORIOE  UNIT  /  KIHGEL 1  HE  GEAR  PU*  “ 

v-2310 

1900  10  70  . 30 A 3  2 

00320 

2  0  .5  1.4  1911 

00330 

70  3.9  .100  .11 

003  AO 

4190  C  C  \ 

091 30 

0192  C  C  55 

•:«34o 

MOTOR  -  CUVOK 

CC270 

2000  *0  11.7  .O02«  2 

00320 

40  .31.8  1911 

CCJ90 

13.7  S.i  .100  .13 

00*09 

0190  C  C  1 

OOA 10 

0195  C  C  25 

.  *  » •»* 

Tyutffr-TCft-  CLE'JOK 

•.■4*30. 

3SC0  40  2*. 5  .2227  l 

V  0  A  A  0 

A  .3  .3  1.8  1911 

C0A30 

22.1  3.32  .100  .23 

09*40 

3-  A .  °  *  l  .1  0  0  1 

<,900 

Ot»C  :  C  1.0 

019*  C  C  1 0  453 

.9A9C 

POKE*  DRIVE  UN I T  /  HINtEllMC 

GEAR  eo» 

C0500 

300  13  37  .1474  2 

00510 

1  0  .1  1.9  1791 

00520 

37  3.8  .1  0  0  .33 

/A»7(| 

0190  C  C  1 

005/ 0 

0195  C  C  35 

0  0550 

803 OR  -  RUDDER 

CC540 

1000  30  10.3  .0317  2 

;43?0 

2  0  .3  1.6  1981 

<0.3  3.3  .190  .31 

005<0 

0190  C  C  1 

■  V.OC 

0193  C  C  23 

:  :iio 

INVERTER  -  RUDDER 

«•  v  120 

1000  .0  l*  .1273  1 

0430 

r  .3  « 3  1.8  1981 

C'S4**0 

12.4  3.32  .100  .31 

#9  4  •».  1  .  •  1 

004«0 

0170  C  C  1 

00470 

0195  C  C  10433 

09420 

power  drive,  unit  /  hjhbeljni 

CEAfc  tOX 

00470 

2000  *0  10  .0*23  2 

9000 

4  0  .5  1.8  1981 

00710 

10  3.8  .100  .33 

VC720 

0190  C  C  1 

c:*739 

0173  C  C  33 

007  AO 

AOTO*  -  tROXLER 

997S0 

3900  *0  30  .0270  2 

.9-40 

0  0  .3  1.9  1791 

00770 

3  3.3  .100  31 

09700 

9X99  C  C  1 

C$790 

0193  C  C  53 

90100 

INVERTER  *  1P0IE.CR 

00910 

2000  40  7  .0414  1 

:  >t?o 

4  .3  .3  1.9  1791 

00930 

4.1  3.32  .1  0  0  .21 

900  AO 

31  4.741  .1001 

90«30 

0190  C  C  l 

00*40 

0173  C  C  19*31 

nODinco  •/}/•! 


ELEVOK 
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TABLE  B-2  RCA  PRICE  MODEL  INPUT  DATA-ALl-ELECYRIC  AIRpUNE 
ACTUATION  SYSTEMS,  500  AIRPLANES 

SHEET  2  OF  5 

00*70  POWER  DRIVE  UK1T  /  MIMSELJNE  GC Aft  *0K  -  LE  FLAP 

00330  3000  00  34.7  .1301  3 

00930  6  0  .3  l.*  11*1 

00300  3*.?  3.fl  .1  0  0  .33 

vOI  10  0110  C  C  1 

toi:c  ons  c  c  ss 

.0330  AOTQR  -  L.E.  FLAP 
0C140  3000  fO  4.3  .0301  2 

COF30  6  0  .3  1.8  1381 

CQ1A0  4.3  3.3  .100  .33 

'0070  OHO  C  C  1 

onto  oils  c  c  ;s 

OOttO  INVERTER  -  L.E.  FLAP 
01000  3000  10  3.3  .0773  1 

01010  i  .3  .2  1.6  Hil 
01020  7.4  3  .32  .10  0  .S3 

01030  31  4.141  .1001 

010*0  0110  C  C  1 

01030  0113  C  C  10433 

■j  1 040  *  ALL  SCREW  ACTUATOR  -  ENGINE  INLET  CENTERBGDY 

01070  1000  30  32  .1311  2 

010*0  2  0  .3  1.6  nil 

Ol'.IO  32  3.*  .10  0  .33 

01100  0110  C  C  1 

c:;io  Otis  c  c  is 

<1120  MOTOR  -  ENGINE  INLET  CENTER  CODY 
CitJO  10Q0  30  3.0  .0214  2 
vl  140  3  0  .3  1.8  If Vi 

01130  3  3.3  .100  .33 

0!i60  0110  C  C  1  f 

v  i  i “w  0i?3  C  C  *.! 

01180  INVERTER  -EnSil r$E  ISLET  CENTER  f QDY 

OHIO  1000  30  7.3  .0492  1 

<1700  2  .3  .3  1.1  1181 

01210  4.7  3.32  .100  .33 

01220  31  4-141  .1001 

01230  OHO  C  C  1 

01240  0113  C  C  10*33 

01230  POWER  DRIVE  UNIT /GEAR-BOX  ENGINE  INLET  8 YP ASS  DOOR 

01240  2000  40  3  .013  2 

y|2?0  4  0  ,5  1.8  till 

012*0  3  3.1  .100  .33 

oi no  ono  c  c  i 

OHIO  0113  C  C  35 

V.SLO  ROTCft-  IHSZSt  -  RLE  T  EtfAtt  fcOGV. 

01320  2000  40  1  .0077  2 

01130  40  .3  1.*  11*1 

01340  1  3.3  .100  .33 

01330  0110  C  t  l 

01340  0113  C  C  33 

0117V  INVERTER  -  ENGINE  INLET  BYPASS  DOOR 

01390  2000  40  1  .0011  1 

ikiio  4  .3  .3  i.t  mi 

01400  n  3.32  .1  0  0  .31 

01410  31  4.141  .1001 

01420  ono  c  c  : 

01430  0113  C  C  10433 

01*40  GALL  SCREW  ACT-RAIN  LAHtr’NO  GEAR 

0**30  1000  30  20  .0*7  2 

01440  2  0  .3  l.i  HOI 

01470  H  S.fe  .100  .13 

014*0  OiVO  2  C  1 

01410  Oil?  C  C  33 

01900  ROTOR-RAIN  <-  NOSE  LANDING  GEAR 
01310  1300  43  3  .C214  2 

01320  S  0  .1  1 .£  tVtl 
01510  3  3.3  .1  0  0  .33 

C1340  one  c  c  i 

01330  Oils  C  r  33 

01340  INVERTER* RAIN  ft  NOSE  LANDING  C-Eh* 

01370  1300  *3  3.7  .031*  1 

013*0  3  .3  .3  i.t  ilii 

01310  J.S  3.32  .100  .33 

01400  31  4. *41  .1001 

OliJO  0110  C  C  1 

01420  0113  C  C  10423 


TABLE  6-2  RCA  PRICE  MODEL  INPUT  DATA-ALL-ELECTRIC  AIRPLANE 
ACTUATION  SYSTEMS,  500  AIRPLANES 

SHEET  3  OF. 5  .  ,  V.- 


BALL  ICKIV  ACT-NOSE  LANDING  Q£  Aft  ^ 

500  15  20  .08?  2 

1  0  . 3  1.8  >081 

20  5.8  .100  .33 

01*0  C  C  1 

01*3  C  C  33 

ACTUATOR-NOSE  GEAR  STEERING 

300  13  20  .1  2 

1  0  .5  1.8  1**1 

20  5.*  .100  .33 

01*0  C  C  1 

01*5  C  C  33 

«OTOr<-WOSE  GEAR  STEERING 
300  13  4  .0248  2 

1  0  .3  1.6  l*Sl 

4  3.3  .100  .33 
01*0  C  C  1 
01*3  C  C  33 

bULL  KlKC  ASSY -AM M  GEAR  8RAKES 
IOCO  30  7  .0173  2 

2  0  .3  1.8  1**1 
7  3.8  .100  .33 
01*0  C  C  l 

01*3  C  E  33 

NOT  OR-AA 1 N  GEAR  8RAKCS 
*000  2*0  .73  .0043  2 
16  0  .2  l.B  1*81 
.73  5.3  .100  .33 
01*0  C  C  1 
01*3  C  C  33 

HOT  ARY  ACTUATOR “SERIAL  M  UELlNG  DOOR 
300  13  8  .0348  2 
1  0  .3  1.8  3*81 
0  3 . fi  .100  .33 

c:*c  C  c  : 

01*3  C  C  33 

ROTOR -AERIAL  REFUELING  DOOR 

500  13  .23  .0021  2 

1  0  .3  1.8  1*81 

.23  3.3  .100  .33 

01*0  C  C  1 

01*3  C  C  33 

UNEAR  ACTUATOR-AERIAL  REFUELING  NOZZLE  LATCH 

300  15  4  .0174  2 

1  0  .3  1.8  1*81 

4  3.8  .100  .33 

01*0  C  C  1 

01*3  C  C  33 

ROTOR  -  ATRIA.  REFUEL  IN*  NOZZLE  LATCH 

300  13  .7  .003*  2 

1  0  .3  1.8  1*81 

.7  3.3  .100  .33 

01*0  C  C  1 

01*3  C  C  33 

8ALL  SCREU  ACTUATOR  CANOPY 

300  13  7  .0304  2 

1  0  .3  1.9  1*81 

7  3.8  .100  .33 

01*0  C  C  1 

01*3  C  C  33 

ROTOR  -  CANOPY 

SOO  la  ;  .0077  2 

1  0  .3  4.8  1*81 

1  3.3  .1  0  0  .13 

01*0  C  C  i 

01*3  C  C  33 

GEAR  80X  -  SUN  DRIVE 

300  13  13.3  .0474  2 

l  0  .3  1.1  1*81 

13.3  3.8  ,10  0  .33 

01*0  C  C  1 

01*3  C  C  33 

ROTOR  -  CUN  DRIVE 

300  13  11.2  .0341  2 

I  0  .3  1.8  1*81 

11.2  3.3  .1  00  .33 

01*0  C  C  l 

01*3  C  C  33 


-  -  :**;•*:  '  **  v?’! -<•* 
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TABLE  8-2 


RCA  PRICE  MOOEL  INPUT  DATA-ALL-ELEGTRIC  AIRPLANE 
ACTUATION  SYSTEMS,  500  AIRPLANES 

SHEET  4  OF  5 
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TABLE  B-2  RCA  PRICE  MODEL  INPUT  DATA-ALL-ELECTRIC  AIRPLANE 
ACTUATION  SYSTEMS,  SOO  AIRPLANES 

SHEET  5  OF  5 


*2219 

HEAT  EXCHANGE*  ' 

v22AO 

1300  <-3  2,0  .02! 

':22?0 

3  0  .1  t .a  1781 

0?290 

2.0  3.32  .100 

42:*  vo 

0190  C  C  1 

0  2100 

01V3  C  C  35 

02310 

FILTER. WlftfNGr  ! 

O’  120 

1500  43  10.0  .1 

02230 

3  0  .3  1.9  1981 

O’UO 

10  5  .1  0  0  .33 

02  'T  O 

om  C  C  1 

0  !  <40 

01*3  C  C  33 

oj'.yo 

INTEGRATION  A NO 

0  !  »90 

300  15  .7  .7  5 

■:  :^vo 

000  1.8  1791 

*.  '-00 

0190  C  C  0193  C 

XNVCfeTCfc  COOLANt 


TABLE  B-3  RCA  PR*CE  MODEL  INPUT  DATA- BASE LINE  AIRPLANE 
SECONDARY  POWER  SYSTEM,  600  AIRPLANES 

SHEET  1  OF  3 


N18A1. OAT  23-SEP-ll  14<*4>42 


►•price  «* 

CYCLtiCOKVERftR  H00SE1ED  S/*/il 

10«0  30  40  .5*53  1 

2  .3  .3  1.9  1991 

3*  3.32  ,100  .33 

31  4.0*1  .1001 

0150  C  C  1 

0153  £  f  1 1 153 

GENERATOR 

1000  30  30  .173*  ; 

2  0  .3  1.8  1581 
30  3.3  .100  .33 
0150  C  C  1 
0155  C  C  15 
EMERGENCY  GEHCRATG* 

300  13  34  .21  2 
1  0  .3  1.8  1581 
34  3.3  ,190  .33 
0150  C  C  1 
0193  C  C  11 

HYO  HOfOR-EAERGEHCY  GEKERATOR 

300  IS  1 *.B  .111  2 

1  0  .3  1.8  1581 

1  * . ft  3.2*  .1  2  i  .33 

0150  C  C  1 

0155  C  C  33 

CONYROL  VALVE. ON-OfF  -  EfltRGENCY  GENERATOR 
300  IS  1.09  .00*3  1 


003*0 

00150 

20340 

40370 

00340 

00350 
00391 
00392 
9039  3 
00*00 
00*10 
00*20 
00*30 
004*0 
00*30 
00*40 
00*70 
00*80 
00*90 
OOSOO 
00110 
00330 
005*0 
00330 
92340 
00370 
20S80 
00350 
00400 
00410 
90420 
09*30 
904*0 
00430 
90433 
00440 
00479 
00480 
00490 
00  700 
00710 
02720 
90730 
097*0 
29730 
097*0 
29830 
094*0 
99*10 
2  2840 
20979 
2  2910 


I. 0*  3.8  .100  .33 
*0  7.9*  .tOOl 
0190  C  C  1 

0153  C  C  10053 
TRANSrOKnlA-RECTlFUR 
1300  *3  12.1  .1134  1 
3  .3  .3  1.8  1981 

II. 3  3.12  .104  .33 
31  4.9*1  ,1001 
0190  C  C  1 

0193  C  C  UtSl 

mytiry.ki-cm>.i*voc.*oio* 

300  13  73  .34  3 

1  0  .3  1.8  1981  1970 

0  0  0  «  73 

1.97  0  0 

8ATTE81  CHARGER 

300  13  .0419  1 

1  .7  .3  1.8  1981 

4.1  1.12  .100  .IS 

It  4.9*1  .1001 

0190  C  C  1 

0193  C  C  11133 

HT9RM.L7C  PURE 

2000  40  27  .1125  2 

*  0  .3  l.t  1991 

27  3.9*  .103  .33 

0190  C  C  1 

0173  r  C  IS 

HYO  RES  »1 

300  13  11.3  .38  2 

1  0  .1  1.9  1991 

12. S  I. 32  .100  .33 

0195  C  I  1 

0193  C  C  33 

HYDRAULIC  RESERVOIR  92  »  93 
1304  30  3  .143  1 
20  .3  1.9  i+«* 

3  3.32  .100  .33 
0190  C  C  1 
0193  (  C  il 

R16HY  HARD  AHAO  GEAR90X 
300  13  99  .*  3 
1  0  .5  1.9  150 
99  3,9*  .100  .33 
0190  £  C  1 
4193  C  C  13 
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TABLE  B-3  RCA  PRICE  MODEL  INPUT  DATA-BASELINE  AIRPLANE 
SECONDARY  POKER  SYSTEM,  500  AIRPLANES 

SHEET  2  OF  3 


99«90 

LIFT  HANG  AAAO  SCANtGX 

<-**00 

SCO  13  t]  .14*  2 

*0*10 

1  0  .3  1.8  1*81 

00*20 

♦J  3.**  • 1  00  .33 

00*30 

«1*C  C  C  1 

00*40 

01*3  C  C  33 

00*30 

ANGLE  GEARtOX-AflAO 

00*40 

300  IS  J*  .14  I 

00*70 

1  0  .3  l.»  1*81 

<0*00 

3*  3. *4  .100  .33 

00**0 

01*0  C  C  1 

'  1 000 

01*3  C  C  35 

'.1010 

ROWE*  RELAY  .  AC  »  3f*0T 

-* 

AAA  *  «  l  -»  A  f  •  *3 

•  **•* 

9L930 

1  o  .3  l.t  1**1 

01040 

1.2  3.7  .100  .33 

01030 

01*0  C  C  l 

01040 

01*3  C  C  33 

01070 

AMR  CONTACTS*. AC  3*0T 

010*0 

300  13  1.4  .01*3  : 

01090 

1  o  .3  1.8  ItBl 

otioo 

1.*  3.7  .100  .33 

OHIO 

01*0  C  C  1 

01120 

01*3  C  C  33 

01130 

AMR  CONTACTOR. AC. J.PST 

01140 

390  13  3.0  .0318  2 

01130 

1  0  .3  1.8  15*1 

01140 

3.8  3.7  .100  .33 

01170 

01*0  C  C  1 

OHIO 

01*3  C  C  33 

01190 

AMR  CONTACTOR. AC. 3R3T 

01300 

1300  *3  3.3  .0434  2 

01310 

3  0  .3  l.t  1*11 

*1350 

3-X  3.7  .1  A  A  'jr 

01230 

CIOS  t  C  1 

01240 

01*3  C  C  33 

0125* 

RUR  CONTACTOR. AC. 3R0T 

01240 

1000  30  *.2  .070*  2 

01370 

2  0  .3  l.t  1**1 

012*0 

4.2  3.7  .100  .33 

015*0 

01*0  C  C  1 

01300 

01*3  C  C  33 

01310 

AMR  CONTACTOR. DC. 5  “*3Y 

01320 

1300  43  .1  ,0C*  2 

01330 

3  0  .3  1.8  1**1 

01340 

.»  5.7  .100  .33 

01330 

01*0  C  C  l 

01340 

0l*3  C  C  33 

01370 

AMR  CONTACTOR. oc.iadt 

013*0 

1000  10  2.1  .0207  2 

91390 

2  0  .3  1.0  1**1 

01400 

2.1  3.7  .100  .33 

91410 

01*0  C  C  1 

01420 

01*3  C  C  33 

01430 

HYDRAULIC  TU8JKS 

01440 

14000  420  2. *14  .0344 

7 

91430 

2*  0  .3  l.»  1*11 

01460 

2.8*4  3. *4  .10*  .33 

01470 

01*0  C  C  1 

014*0 

01*3  C  C  33 

014*5 

ELECTRICAL  MININ* 

01490 

1*000  420  4.3*3  .0314 

7 

01500 

2*  *  .3  l.t  1**1 

01310 

4.3*  3.100  .33 

01530 

01*0  C  C  1 

01330 

0173  C  C  S3 

01340 

inverter.  *ta«ght 

91330 

300  13  13  .11*2  l 

9  340 

l  .3  .3  1.*  17*1 

0*370 

11-7  3.32  .100  .33 

013*0 

Si  4. *41  .1001 

01390 

01*0  C  C  1 

91400 

01*3  C  C  1 1 153 

91410 

KYORAULIC  NANO  A UN* 

91420 

SOO  13  3.4  .030*  2 

01430 

1  0  .3  I.f  loot 

91440 

1.4  3.34  .100  .33 

01430 

ot»o  c  c  i 

91*40 

01*3  C  C  33 

ILIUO/CUCl  ucat  LXLWAHCt*. 

<1  410 

1300  43  3  .0373  2 
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TABLE  B-3  RCA  PRICE  MODEL  INPUT  DATA-BASELINE  AIRPLANE 
SECONDARY  POWER  SYSTEM,  500  AIRPLANES  - 
SHEET  3  OF  3 

Cl*70  JO  .3  1-8  1781  • 

01740  3  3.30  .100  .31 

oi7io  oite  c  c  i 

01730  0103  C  C  S3 

01730  TENP  CONTROL  VALVE 
01710  1300  13  1  .0012  1 

01730  3  .3  .3  l.t  1001 

01710  .73  3.0  .100  .33 

01770  10  7.71  .1001 

01700  0100  C  C  1 

01770  0173  C  C  10033 

01300  OVER  TEAR  SNITCH 

OlttlO  1300  13  .1  .0007  2 
01320  30  .3  1.3  1731 

01330  .1  3.11  .100  .33 

01910  0170  £  C  1 

C1330  0173  C  C  23 

013*0  RESERVOIR  SERVICE  HAMEL 

01870  300  13  10  .071  2 

01730  1  0  .3  1.3  1731 

01370  10  3.32  .100  .33 

01700  0170  C  C  1 

01710  OltS  C  C  S3 

01720  PRESS/RETURN  FILTER  AOOULE  STS  2.3 

01730  1000  30  13  .1311  l 

017*0  2  .3  .3  1.3  1701 

01730  11.3  3.8  .100  .33 

017*0  10  7.71  .1001 

01770  0170  C  C  1 

01900  0193  C  C  10033 

01770  PRESS /RE TURN  FILTER  MODULE  SYS  I 

02000  300  13  23  .2071  1 

02010  1  .3  .3  t.B  1731 

02020  22.3  3.3  .100  .33 

02030  10  7.71  .1001 

02010  0170  C  C  1 

02030  0173  L  C  iu»3? 

02120  RESERVOIR  CLEEOLK  VALVES 

02130  3000  90  .1  .0001  1 

02110  *  .3  .3  1.3  1701 

02110  .07  3.8  .1  0  O'  .33 

021*0  10  7.71  .1001 

02170  0170  C  C  l 

22180  0173  C  C  10033 

02170  RESERVOIR  RELIEF  VALVE  (AIR  f  OIL) 

02200  3700  70  .1  .0123  1 

02210  *  .3  .3  1.8  17*1 

02220  .07  3.8  .100  .33 

02230  10  7.71  .1  0  0  1 

22210  0170  C  C  1 

•2  2230  0373  C  C  100SS 

022*0  CASE  DRAIN  FILTER  MODULE 

C22'>0  2000  *0  8  .0727  2 

02233  *  0  .3  1.8  1781 

02270  8  3.34  .1  0  0  .33 


*2209 

0170  C  £  ) 

'•2110 

0173  C  C  S3 

02320 

F IRCUALL  SHUTOFF  VALVE 

02330 

3300  *0  1.7  .0071  1 

02340 

1  .3  .3  1.3  1781 

02  ISO 

l.*2  3.8  .100  .33 

0:243 

1«  ? .71  .1  00  1 

02170 

0178  C  C  1 

::-zto 

0173  C  C  18033 

SUCTIQSt  DISCONNECT 

2008  *8  i.l  .0890  3 

02410 

*  4  .3  1.8  mi 

02420 

1.1  3.81  .180  .13 

A2430 

0178  C  C  1 

02440 

0173  C  C  33 

02430 

HTD  PRESS  unmet 

02440 

1308  13  .2  .8818  2 

02470 

3  0  .1  1.8  1781 

02490 

.2  3.32  .188  .13 

02400 

8178  C  C  l 

02300 

4133  C  C  33 

02J7C 

QRGUNO  SERVICE  OISCT RRCCT 

♦2380 

3040  70  1.2  .083  2 

♦  2300 

«  0  .3  1.8  1781 

♦2400 

1.2  3.41  .100  .C3 

02**0 

0170  c  c  l 

♦2420 

0173  C  C  33 

02710 

1NT  «  TEST 

♦2740 

300  13  .7  .73 

02730 

4  0  4  1.8  1781 

•;:740 

0170  C  C  8173  C 
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TABLE  B-4 


*<I  EL  i 

OC  too 
00110 
on  20 
COX  30 
COMO 
C*0I5«- 
0014c 
oot?o 
octac 
00 1 00 
00200 
COIxO 
00220 
00230 
00246 
00250 
002*0 
00270 
00280 
00270 
00300 
00210 
00320 
00330 
003*0 
5*250 
003*0 
003&5 
CvJ7C 
00380 
00370 
00*00 
oouc 
oo*so 
0>**0 
00*50 
00**0 
00*70 
00*80 
•}0*t0 
00500 
00510 
CO  520 
005  JO 
005*0 
00556 
005*0 
00570 
00  580 
005  VO 
00*00 
00*10 
OOi.'O 


0***0 

00*50 

00*46 

00470 

0*400 

00490 

60700 

00710 

00720 

00730 

007*0 

00730 

00740 

00770 

00700 

oo^oo 

ooeao 

C‘0010 

00820 


RCA  PRICE  MODEL  INPUT  DATA-ALL- ELECTRIC  AIRPLANE 
SECONDARY  POWER  SYSTEM,  500  AIRPLANES 

SHEET  1  OF  1 


0*1  24-SEP-tl  13M.4I0: 

-■trice  ** 

STARTER  GENERATOR  AOOIFIFD  8/4/81 

1300  *3  73  .4333  2 

30.3  l.t  l»81 
73  IS  .ICO  .31 
OlfO  C  £  1 

OltS  C  C  1! 

PHASE  DELATED  RECTIFIER  ORlOtiE 
1300  43  33  .2373  1 

3  .3  .3  l.t  1481 

22.3  3.32  .100  .33 
51  4.f41  .100! 

OlfO  C  C  1 

0  If 3  C  C  11133 
OC-OC  CONVERTER 
2A9U  40  17  .1145  1 

4  .1  .3  i.8  itei 

13.3  3. 32  .100  .13 
51  4.341  .1001 
OlfO  C  C  1 

Olf 3  C  C  11133 
PC-AC  INVER  TEA 
1000  30  34  .5001  1 
2  .3  .3  1.8  lt«l 

30.4  3.32  .100  .33 
31  4 . f 41  .1001 
OlfO  C  C  1 

OlfS  r  £  ! I  153 
SATT -N1CAD-24V-40AK 
1000  10  73  .54  3 
2  0  .3  IV®!  If 70 
O  O  0  0  75 
1.87  O  0 

FUWER  COHIAC'OR-SIX  PHASE  At 

1000  30  18  .23  2 

2  0  .3  1.8  1781 

IS  3.7  .100  .3J 

OlfO  C  C  1 

OlfS  C  C  S3 

PMR  CONTACTOR-  SIT  PHASE  AC (CROSS  STARl! 

1000  30  12  .7  2 

20.3  1.8  lftl 

12  3.7  .100  .31 

OlfO  C  C  1 

OlfS  C  C  33 

FUR  CONTACTOR-SINGLE  PHASE  AC 
2000  *0  1  .0003  1 
4  0  .3  l.t  If®! 

1  3.7  .1  0  0  .13 
OlfO  C  C  1 

olfs  r  c  33 

FUR  COMTACTOR-DC 

1300  43  f  .07  2 

i  v  .3  i.»  im 

f  3.7  .100  .33 

OlfO  C  C  1 

OlfS  C  C  33 

PM*  COHTACTOR-DC 

3000  »0  4  .03  2 

*  0  .3  1.1  lfSl 

4  3.7  .100  .31 

OlfO  C  C  1 

OlfS  C  C  33 

WIRIN8  AND  CONNECTOR* 

14000  420  8.23  .0380  2 
28  0  .1  1.8  IfO! 

8.23  3  0  0  0  .33 
OlfO  C  C  1 
OlfS  C  C  34 
IHTEOSATIOH  AND  TCtT 
580  13  .7  .7  3 
0  9  f  l.t  lftl 
OlfO  C  C  Ol'S  I 
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